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ABSTRACT
Inspired by the variety of organisms that are naturally desiccation tolerant, anhydrobiotic
preservation potentially furnishes a means of processing and storing mammalian cells in a state
of "suspended animation" at ambient conditions in carbohydrate glasses. Although there have
been promising applications of this technique, especially when employing the disaccharide
trehalose, the ultimate goal of room temperature long-term storage has thus far not been achieved
-- at least in part owing to an incomplete understanding of the fundamental cellular damage
mechanisms.
Although there have been many studies examining the thermodynamics of relevance to
anhydrobiotic preservation, particularly with regard to lipid phase and the effect of carbohydrates
thereupon, comparatively little attention has been paid to the effect of transport kinetics on
preservation success. Further, although cells are typically dried in carbohydrate solutions on a
solid support, there are few studies on the role played by the support. This work seeks to help
remedy such deficiencies.
First, considering damage mechanisms at the individual cell level, giant liposomes were
employed as a model cell system, given that the cell membrane is a key damage site. The
influence of solid surface - lipid bilayer interactions was investigated in the presence and
absence of trehalose. Two lipids were chosen in order to determine the effect of lipid phase on
surface interactions: gel-phase 1,2-distearoyl-sn -glycero-3-phosphocholine (DSPC) and liquid-
crystalline phase 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC). In the absence of
trehalose, DSPC liposomes adsorbed to the polystyrene support surface, producing irreversible
structural changes and apparent leakage of all intravesicular solute upon drying and re-hydration.
Addition of trehalose significantly reduced vesicle adsorption with only transitory intravesicular
solute leakage for the re-hydrated vesicles, likely owing to a transient osmotic imbalance;
however, at very low moisture contents, the vesicles underwent permanent structural changes. In
contrast to the results with DSPC vesicles, DLPC vesicles largely evaded adsorption and
exhibited high intravesicular solute retention when dried and re-hydrated even in the absence of
trehalose, despite significant internal structural changes.
Next, taking a more macroscopic view, the influence of the solid support and desiccation
kinetics was analyzed at the whole droplet level. During desiccation, sessile droplets of glass-
forming carbohydrate solutions exhibit complex dynamic phenomena, including fluid flow,
droplet deformation and crack formation, all of which may alter cell preservation efficacy- Two
factors were identified that strongly influenced the features of the preserved giant liposome
suspension droplets: the underlying surface and the liposome concentration. In particular, the
surface altered the droplet shape as well as the microflow pattern - and in turn the moisture
conditions encountered by the liposomes during desiccation. A ring deposit formed when the
droplets were dried on polystyrene -- as would be expected owing to the capillary flow that
generally occurs in pinned droplets. In contrast, when dried on the more hydrophilic glass slide,
the resulting droplets were thinner and the liposomes accumulated near their centers -- an
unexpected result likely owing to the glass-forming nature of the trehalose solutions. As might
be anticipated given the variations in liposome distribution, the choice of surface also influenced
crack formation upon continued drying. In addition to providing a preferential path for drying,
such cracks are relevant because they could inflict mechanical damage on cells. Liposome
concentration had an even more profound effect on crack formation; indeed, while cracks were
found in all droplets containing liposomes, in their absence few of the droplets cracked at all,
regardless of the surface type.
Given the experimentally-determined non-uniform distribution of liposomes within the
sessile droplets, a finite element method model was formulated to assess the moisture content
variation within desiccating trehalose solution microdroplets - both unsupported and sessile. In
the unsupported droplet, a thin glassy skin was found to form at the droplet surface, which
significantly hampered further evaporation owing to the extremely low diffusivity of water in
trehalose glasses. Thus, residual water was essentially trapped in the droplet core for long times,
preventing a transition to the glassy state there. This is significant for anhydrobiotic preservation
because most liposomes, or cells, would be located in the droplet core rather than in the thin
glassy skin. The sessile droplet provided another degree of complexity in that the moisture
concentration was inhomogeneous not only in the direction perpendicular to the interface, but
along it as well, since the glassy skin did not form uniformly, instead progressing inward from
the contact line.
In summary, surface interactions were found to play a significant role in anhydrobiotic
preservation, both at the cellular level through adsorption and at the whole droplet level through
their effect on distribution of suspended liposomes (or cells) and crack formation. Further,
kinetic phenomena had a strong influence, again at the cellular level through transient osmotic
imbalances and at the whole droplet level in the form of inhomogeneous moisture distributions.
Such effects clearly merit further investigation in the development of anhydrobiotic preservation
protocols.
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1 Introduction
The emerging technologies of tissue engineering and liposomal drug delivery both show
great promise; however, both also share a common problem, namely, the lack of a reliable and
convenient means of preservation. Itself a newer technique, anhydrobiotic preservation,
employing carbohydrate glasses, yields key advantages over cryopreservation, the more
established method, in that it provides stability in a manner that is nontoxic (Guo, Puhlev et al.
2000) and -- owing to the high glass transition temperature of sugars such as trehalose (Green
and Angell 1989) -- may allow processing and storage at room temperature. In contrast, common
cryoprotectants -- e.g., dimethylsulfoxide, glycerol, and ethylene glycol -- may be cytotoxic at the
concentrations necessary to provide adequate protection (Collins 1987; Karow 1987; Sakonju,
Taura et al. 1996). Additionally, storage at the low temperatures employed in cryopreservation --
typically that of liquid nitrogen (-196°C) (Mazur 1984) - may be expensive or inconvenient.
Anhydrobiotic preservation would be particularly helpful in situations where cold storage is
especially challenging or prohibitively expensive, for example, during transport or for use on the
battlefield or in developing countries. Other applications that would benefit from a simple and
economical preservation method include cell and tissue banking for clinical applications and
research.
The inspiration for attempting biopreservation in the dry state using carbohydrate glasses
comes from the variety of anhydrobiotic organisms, which naturally survive desiccation,
generally by accumulating trehalose (Crowe and Crowe 2000) or, in higher plants, sucrose
(Oliver, Crowe et al. 1998). These fascinating organisms possess the ability to cease metabolism
upon drying and later restart metabolism upon re-hydration (Alpert and Oliver 2002). Anthony
von Leeuwenhoek was evidently the first to observe the phenomenon, with microscopic animals
called rotifers (Alpert and Oliver 2002):
The following day the sky was very hot and dry and, about nine in the morning, I took some of the
sediment which has been in the leaden gutter...and poured on it a small quantity of rain-water taken
out of my stone cistern...so that if there were still any living animalcules in it they might issue forth;
though I confess I never thought that there could be any living creatures in a substance so dried as this
was.
I was, however, mistaken; for scarce an hour had elapsed, when I saw at least a hundred of the
animalcules before described.
Further examples of such animals include tardigrades, (Crowe and Crowe 2000)
nematodes, (Alpert and Oliver 2002) and the cysts of certain crustaceans (Crowe and Crowe
2000; Aipert and Oliver 2002). Additionally, a wide range of plants are desiccation tolerant
(Alpert and Oliver 2002). A classic example is the resurrection plant, (Crowe and Crowe 2000)
which, upon re-hydration, resumes growth -- even after years of storage in the dry state (Figure
1); additional examples include certain lichens, liverworts, and mosses, (Alpert and Oliver 2002)
as well as many seeds (Buitink, Leprince et al. 2000; Alpert and Oliver 2002) and pollens
(Buitink, Leprince et al. 2000; Hoekstra 2002). Other anhydrobiotic organisms include
cyanobacteria (Alpert and Oliver 2002) and certain types of fungi, such as baker's yeast (Crowe
and Crowe 2000).
Figure 1: Resurrection Plant
Re-hydration of a resurrection plant (Selaginella lepidophylla): (A) Initial, dry state, (B) 1V2 hrs after
water addition, (C) 24 hrs after water addition, (D) 2 V2 days after water addition, (E) Top view (2 V2 days
after water addition). In the dry state, the fronds of the plant are curled up tightly. After re-hydration,
the fronds unfurl and turn green. The resurrection plant was obtained in the dry state from
DirectGardening, Division of House of Wesley (Bloomington, IL) and re-hydrated with tap water.
Carbohydrates such as trehalose are thought to play both biochemical (Tsvetkova, Phillips
et al. 1998) and physical (Green and Angell 1989; Wolfe and Bryant 1999; Koster, Lei et al.
2000; Bryant, Koster et al. 2001) roles in preservation. The basis for the biochemical mechanism
- known as the "water replacement" theory (Crowe and Crowe 2000) -- is the fact that in the
hydrated state, water forms many hydrogen bonds that regulate the structure of proteins,
phospholipids and other biomolecules. When water is removed, these biomolecules may thus
undergo structural rearrangements that result in a loss of functionality. Crowe and co-workers
have proposed that the preservative effect of trehalose, and other sugars, owes to the ability of
their hydroxyl groups to form hydrogen bonds, and thus to "replace" the lost water.
The high glass transition temperature of certain carbohydrates, particularly trehalose
(113 0C) (Aksan and Toner 2004), also suggests a physical mechanism of protection during
drying, known as the vitrification hypothesis, often attributed to Green and Angell (Green and
Angell 1989). This glass transition has been variously defined as the point at which the viscosity
equals 1012.3 Pa s (Donth 2001), the heat capacity changes abruptly (Angell 2001), the
fluctuations within the system become non-ergodic (Angell 2001), or the characteristic relaxation
time becomes longer than the experimental time - the latter being referred to as the dynamic
glass transition (Donth 2001). The vitrification theory postulates that the preservative
capabilities of carbohydrate glasses may also result from the halting or slowing of molecular
mobility upon vitrification, thus conferring stability to the material being preserved. In addition
to hampering diffusion, vitrification may impart mechanical stability (Koster, Lei et al. 2000).
Further, the hydration forces explanation of Bryant, Wolfe and co-workers suggests that
small solutes, including sugars, prevent close approach of biomolecules during dehydration, thus
lessening repulsive forces and concomitant structural changes (Wolfe and Bryant 1999; Bryant,
Koster et al. 2001). Although not unique among carbohydrates in its preservative effects,
(Koster, Maddocks et al. 2003; Crowe, Crowe et al. 2005) the disaccharide trehalose has
generally been found to be the most effective (Green and Angell 1989; Tsvetkova, Phillips et al.
1998) and thus will be employed in this study. Its superiority likely owes to a combination of
properties, including its propensity to form hydrogen bonds (Tsvetkova, Phillips et al. 1998),
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higher glass transition temperature compared to many other sugars (Green and Angell 1989), and
relatively small size (Bryant, Koster et al. 2001).
Promising results have been reported with mammalian cells -- via freeze-drying
(Goodrich, Sowemimo-Coker et al. 1992), convective drying (Chen, Acker et al. 2001;
McGinnis, Zhu et al. 2005), as well as diffusive drying (Crowe and Crowe 2000; Chen, Acker et
al. 2001); however, in order for anhydrobiotic preservation to be truly valuable, the capacity for
long-term storage must be enhanced. Currently, cells can only be stored in the dry state for a few
days near room temperature (Guo, Puhlev et al. 2000; Chen, Acker et al. 2001), or a few weeks at
low temperatures, e.g., -800C (Chen, Acker et al. 2001). The reason for this is that mammalian
cells do not survive if dried below a moisture content of about 15 wt% (Chen, Acker et al. 2001);
unfortunately, the glass transition temperature of trehalose solutions decreases with increasing
water content and a moisture content below approximately 9 wt% is necessary for the system to
be in the glassy state at room temperature (Aksan and Toner 2004). Since cells dried to a
moisture content of 15% are not in the glassy state at room temperature, they may thus only be
stored for a few days because the higher molecular mobility allows deleterious reactions to occur;
for longer-term storage a lower temperature must be employed to transfer the system to the glassy
state.
In this study, giant liposomes will be employed as a model system for mammalian cells in
an attempt to further elucidate the fundamental damage mechanisms during drying and re-
hydration, as well as the nature of the protective role of trehalose. Giant liposomes are a
particularly apt model system because the cell membrane is a key damage site during desiccation
and re-hydration (Bryant, Koster et al. 2001); further, membrane integrity is the usual means of
assessing the success of a given cell drying protocol (Chen, Acker et al. 2001). Most previous
studies on anhydrobiotic preservation of liposomes have focused on small liposomes because of
their relevance to drug delivery, although giant liposomes have applications in this field as well
(Antimisiaris, Jayasekera et al. 1993). Giant vesicles provide a better model for mammalian
cells, owing to their more similar diameter, surface tension, and osmotic response (Kim and
Martin 1981). Further, their size allows observation via optical microscopy of any structural
changes that may occur; small liposomes can only be observed via electron microscopy wherein
there is a significant risk that sample preparation - which itself involves drying or freezing --
may introduce artifacts. Despite these benefits, there appear to be few previous references to
anhydrobiotic preservation of giant vesicles (Antimisiaris, Jayasekera et al. 1993).
Lipid bilayers may undergo a variety of changes upon dehydration, perhaps the most
significant of which is the transition of lipids from the liquid crystalline (fluid) phase to the gel
(solid) phase. This occurs because at lower hydrations the lateral stress in the membrane is
increased, leading to elevation of the phase transition temperature via the Clausius-Clapeyron
effect (Wolfe and Bryant 1999). Although both gel phase and liquid crystalline phase bilayers
provide a substantial barrier to (hydrophilic) solute diffusion, leakage of intracellular (or
intravesicular) solutes can occur during the transition from one phase to the other (Crowe, Crowe
et al. 1987; Crowe, Hoekstra et al. 1989) (Figure 2), (Figure 3). Trehalose, among other sugars,
has been shown to prevent dehydration-induced phase transitions, in some cases even lowering
the phase transition temperature below its value in the fully-hydrated state (Koster, Lei et al.
2000). The mechanisms for this effect include: osmotic and volumetric effects that increase
bilayer separation and thus lessen hydration repulsions and bilayer compression (Koster, Lei et
al. 2000; Bryant, Koster et al. 2001; Lennd, Bryant et al. 2007), sugar vitrification providing
mechanical resistance to the lipid compression necessary for transition to the gel phase (Koster,
Lei et al. 2000), and hydrogen bond formation (Tsvetkova, Phillips et al. 1998) (Figure 2).
Dehydration can also result in fusion of the lipid bilayers of neighboring cells or liposomes
causing leakage (Figure 3); however, carbohydrates may lessen this effect, possibly via
vitrification (Crowe, Crowe et al. 1983; Green and Angell 1989; Crowe, Hoekstra et al. 1996;
Crowe, Carpenter et al. 1998).
Dehydrated Lipid Bilayer
(Gel Phase)
1 lydrated iLipid Hilayer • ¢
(Luid(iquid Crystalline Phase) ,
Figure 2: "Water Replacement" Theory for Lipid Bilayers
Crowe and co-workers have hypothesized that trehalose hydrogen bonds with biomolecules, such as
lipids, thus stabilizing them during dehydration (Crowe, Hoekstra et al. 1996; Tsvetkova, Phillips et al.
1998; Ricker, Tsvetkova et al. 2003). In this way, trehalose "replaces" the water that would normally
play the stabilizing role. Specifically, hydrated lipid bilayers are typically in the liquid crystalline phase
at physiological temperatures, whereas they undergo a transition to the gel phase when dried. In contrast,
lipid bilayers dried in the presence of trehalose may persist in the liquid crystalline phase (or may
transition to the gel phase at a lower temperature than they would have in the absence of trehalose). Upon
re-hydration, gel phase lipid bilayers undergo a phase transition during which they experience a breach in
bilayer integrity. (Lipids are shown in orange, water in blue, and trehalose in red.)
Figure 3: Commonly-proposed Mechanisms of Intravesicular Solute Leakage
During the phase transition, packing defects may form at boundaries between the two phases present
allowing leakage of intravesicular solutes. Further, fusion may cause rearrangements in the lipid bilayer
allowing leakage of encapsulated solute.
Surprisingly, the commonly-proposed mechanisms of intravesicular solute leakage,
namely, lipid phase transitions and vesicle fusion (Figure 3), did not appear to be significant for
the giant vesicle system. Instead, two previously-neglected themes emerged in the investigation
of the fundamental damage mechanisms affecting the cell membrane -- as assessed via the giant
vesicle model system. One was the importance of the solid support upon which the vesicle (or
cell) suspension was dried. The second was the key role played by desiccation kinetics.
In chapter 2, these themes are investigated experimentally with giant liposomes formed
from two different types of lipids. The interaction of the liposomes with the solid support had a
strong effect on the anhydrobiotic preservation outcome, both in terms of leakage of
intravesicular solute, as well as structural changes. In addition to lipid type, trehalose also played
a key role in altering vesicle adsorption to the solid support. Desiccation kinetics were also
significant in that transient osmotic imbalances appeared to cause transient breaches of lipid
bilayer integrity.
Chapter 3, also an experimental study, addresses the two general themes from a more
macroscopic viewpoint. The overall flow of liposomes in a desiccating trehalose solution
microdroplet was examined, as well as deformation of the droplet and propagation of cracks.
The solid support was found to play an important role in determining the outcome of these
kinetic phenomena.
In chapter 4 the desiccation kinetics of trehalose microdroplets such as those in the
experiment in chapter 3 are described with a finite element method model, with particular focus
on the formation of the glassy skin and the highly inhomogeneous moisture content within the
droplet. The solid support, or lack thereof for unsupported droplets, again altered the outcome,
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as the solid surface introduced an additional degree of inhomogeneity during the evolution of the
moisture content in the droplet. Such studies demonstrate that the effects of the solid support, as
well as the kinetics of desiccation, warrant greater consideration in the development of
anhydrobiotic preservation protocols.
2 Role of Trehalose in Prevention of Giant Vesicle Adsorption
and Encapsulated Solute Leakage in Anhydrobiotic
Preservation*
2.1 Introduction
The giant vesicle study in this chapter focuses on lipid bilayer damage -- as monitored via
leakage of an encapsulated hydrophilic dye -- and observations of structural changes during
drying and re-hydration. Diffusive drying is advantageous because of its simplicity and
relevance to naturally-anhydrobiotic systems. Liposome suspension droplets were thus air-dried
with particular attention paid to the often over-looked interaction between the lipid bilayer and
the surface, particularly the role of trehalose in mediating this interaction. Another goal of the
model system was to shed light on how different lipids respond to the challenges of
anhydrobiotic preservation, of interest not only for better understanding cell membrane
components but also for drug delivery liposomes. Two lipids, structurally identical other than
the lengths of their fatty acid tails, were chosen: 1,2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), having phase transitions at -
2°C and 55°C, respectively (Mabrey and Sturtevant 1976). Since DSPC has such a high phase
* This chapter is reproduced in part with permission from Langmuir, in press; unpublished work
is copyright the American Chemical Society (2007).
transition temperature even in the hydrated state, it should remain in the gel state throughout the
dehydration - re-hydration cycle; although vitrification of sugars can depress the phase transition
temperature below the fully-hydrated value for liquid crystalline bilayers, for gel phase lipids the
transition temperature is instead elevated, so trehalose addition should not affect the lipid phase
(Koster, Lei et al. 2000). In contrast, DLPC dried in the absence of trehalose will likely undergo
a phase transition at room temperature since the phase transition of DLPC air-dried in the
absence of trehalose is at approximately 81'C (Ricker, Tsvetkova et al. 2003). The effect of
moisture content was also considered, given its key role in determining the glass transition and
cell viability.
2.2 Materials and Methods
2.2.1 Chemicals
DSPC and DLPC -- obtained in powdered form from Avanti Polar Lipids, Inc. (Alabaster,
AL) --were chosen owing to their disparate phase transition temperatures (Mabrey and Sturtevant
1976) and fully-saturated fatty acid chains, which make them less susceptible to oxidation. In
some cases, the lipid bilayer was labeled with the fluorescent lipid analogue 1,1'-didodecyl-
3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiIC 12(3)), acquired in solid form from
Invitrogen-Molecular Probes (Eugene, OR); this probe has fully-saturated fatty acid chains linked
to a fluorescent headgroup.
The vesicles were formed in ultrapure water, or solutions thereof. Trehalose, generally
considered to be the most effective of the carbohydrates for anhydrobiotic preservation (Green
and Angell 1989; Tsvetkova, Phillips et al. 1998), was employed in some vesicle preparations to
elucidate its effect on vesicle solute retention and adsorption. Found in a variety of naturally
desiccation-tolerant organisms, trehalose (dihydrate) from Saccharomyces cerevisiae was
obtained from Sigma-Aldrich, Inc. (St. Louis, MO).
The first step in measuring solute leakage (or retention) is to choose a model molecule to
encapsulate in the liposomes. Such a molecule should be easily observable and have a low
diffusivity across the lipid bilayer; a hydrophilic fluorescent molecule is thus a good choice.
Most studies of liposome solute retention are made using either carboxyfluorescein or calcein
(Allen 1984). The latter was chosen for this study because the liposomes were found to exhibit
significant carboxyfluorescein leakage during centrifugation. Calcein is also less sensitive to pH
changes in the physiological range (Allen 1984). Highly purified, single isomer (4',5'-isomer)
calcein was thus purchased from Sigma-Aldrich.
Saturated salt solutions are useful to control relative humidity during drying. In this
study, calcium sulfate (W. A. Hammond Drierite Co. Ltd, Xenia, OH) was chosen because of its
very low relative humidity of approximately 5% (Chen, Acker et al. 2001).
2.2.2 Preparation of Giant Vesicles via the Film Swelling Method
Several methods have been previously employed to produce giant liposomes: the rapid
evaporation method (Moscho, Orwar et al. 1996), the electroformation method (Angelova,
Soleau et al. 1992), the solvent-spherule evaporation method (Kim and Martin 1981;
Antimisiaris, Jayasekera et al. 1993), and the film swelling method (Reeves and Dowben 1969;
Needham and Evans 1988; Needham, McIntosh et al. 1988). The film swelling method was
chosen because it does not require any specialized equipment, results in a reasonable yield of
smooth liposomes (without blebs) and allows flexibility in the choice of lipids.
In the film swelling - or gentle hydration - method, giant vesicles form via self-assembly
(Reeves and Dowben 1969). This process begins with deposition of a thin lipid film on a
surface, thereby creating a stack of lipid bilayers (Figure 4). When an aqueous solution is added,
the liquid seeps in between the lipid bilayers and the film begins to swell, detaching from the
surface. Eventually, the film swells to such an extent that liposomes bud off and form in the
solution above the film.
Liposome
Dry Lipid Film Hydrated Swelling Lipid Film
Figure 4: Mechanism of Formation of Liposomes via the Film Swelling Method
More specifically, the first step was to prepare stock solutions of the lipid in chloroform
(10 mg/mL). For adsorption studies or to aid in visualization, a stock solution of the lipophilic
probe Dil was also prepared in chloroform (1 mg/mL) and added to the DSPC or DLPC solution,
giving a final solution of 0.1% or 2% lipid analogue per total lipid, depending on the application.
This method produces vesicles labeled with probe throughout each bilayer leaflet.
The lipid film was prepared on a Teflon@ surface (Needham and Evans 1988; Needham,
McIntosh et al. 1988). Teflon@ disks were cut from a 1/16 inch thick sheet (Scientific
Commodities, Inc., Lake Havasu City, AZ) to cover the bottom of 50 mL glass beakers. Small,
approximately unidirectional, grooves were created on each disk surface with medium-grade
sandpaper. The film was prepared by depositing 50 pL of the lipid stock solution on one side of
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each disk with a 50 tL glass syringe (Hamilton Co., Reno, NV). The side of the syringe tip was
then employed to quickly spread the droplet over the disk surface. Owing to its high volatility,
most of the chloroform rapidly evaporated. The disks were then placed (lipid side up) into the
bottom of the 50 mL beakers. The residual chloroform was removed by leaving the beakers
overnight in a vacuum oven (Thermo Scientific-NAPCO, Waltham, MA); the samples were kept
at 710 mm Hg vacuum and room temperature.
Liposomes form when the lipid film swells upon hydration. Prior to addition of the
aqueous solution, the lipid films were pre-hydrated by exposing them to a humid environment:
they were placed in an enclosed chamber into which steam was allowed to flow for 40 min,
forming slight condensation on the disks. Ultrapure water was employed to hydrate the films, as
well as solutions of trehalose (100 to 400 mM), and/or the hydrophilic dye calcein, for solute
retention assays. The calcein solution was prepared by dissolving the (acidic) calcein powder in
ultrapure water with the aid of sodium hydroxide (added drop wise until the pH was 7.4) (Allen
1984). The solution was then diluted until the molarity was 50 gIM. Before addition to DSPC
films, the aqueous solutions were heated to 60-650 C, in order to be above the lipid phase
transition temperature; for DLPC films, room temperature solutions were employed. Since the
liposomes self-assemble in the hydration solution, the solutes present therein may be found in
both the intravesicular as well as the extravesicular solutions.
A syringe equipped with a 0.22 gIm filter was employed to gently add 4 mL of the film
hydration solution down the side of the beaker. The beakers were then covered and kept in a
water bath - at 60-650 C for DSPC or room temperature for DLPC -- for 12 hours to allow the
lipid film to swell. Care was taken not to jostle the beakers after addition of the film hydration
solution since fluid motion could affect liposome formation.
At the completion of the hydration time, clouds of liposome clusters were visible in the
solution with the naked eye (for the clear solutions). The resulting liposome suspension was
harvested via pipette aspiration. In the case of vesicles with encapsulated calcein, the liposome
suspension was washed thrice via centrifugation (30 min at 325xg for each wash) with an iso-
osmolar trehalose solution in order to remove extravesicular calcein.
The liposome suspensions were imaged using an inverted microscope: the Axiovert
200M (Carl Zeiss, Inc., Oberkochen, Germany) equipped with an AxioCam MRm. Size and
shape measurements were obtained using ImageJ, the public domain image analysis program
available from the National Institutes of Health (Rasband 1997-2006). In general, larger
liposomes were chosen for the images displayed herein to more clearly illustrate their structures.
2.2.3 Drying and Re-hydration of Giant Vesicles
Diffusive drying was chosen as it is the simplest method and most closely mimics
conditions experienced by naturally anhydrobiotic organisms. The liposome suspension was first
mixed gently via aspiration with a large transfer pipette and five small (10 ptL) droplets of the
suspension were formed on pre-weighed 35 mm diameter polystyrene tissue culture dishes
(Becton, Dickinson and Company, Franklin Lakes, NJ), chosen for their relevance to cell culture
and preservation studies. The dishes were then weighed again in order to determine the initial
mass of the average droplet. At least 100 droplets were formed for the flow cytometry
experiments, whereas 50 were used for the adsorption experiments. The liposome suspension
was re-mixed via pipette aspiration after the formation of every fifth droplet to provide a
homogeneous liposome density among droplets, since the liposomes sediment with time.
After droplet formation, the tissue culture dishes were placed in a dry box (Fisher
Scientific, Waltham, MA) containing calcium sulfate. The dry box was covered with aluminum
foil to shield the samples from light and stored at room temperature. The droplets were allowed
to dry until the overall moisture content reached the desired value, as assessed by measurement
of the average dried droplet mass, mf Also, needed was the dry weight of the droplet, mb; this
was found from 10 tiL droplets (from the same liposome suspension) baked for at least 8 hrs at
110'C. The percent moisture content was then computed as: (m-mb )/mf xlO10%. The
droplets were re-hydrated by simple addition of the volume of room temperature ultrapure water
corresponding to the amount evaporated.
2.2.4 Determination of Encapsulated Solute Retention of Giant Vesicles
Typically, self-quenching concentrations of calcein are encapsulated and the (bulk) solute
leakage of a liposome suspension monitored via the release of this self-quenching as the solute
leaks into the extravesicular solution, thereby increasing the overall fluorescence (Zuidam, de
Vrueh et al. 2003). Unfortunately, high (self-quenching) concentrations of calcein (50-70 mM)
were found to reduce giant vesicle yields as well as favor formation of clusters of interconnected
liposomes, which appeared to affect the retention results. The self-quenching calcein assay was
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developed for small liposomes, where a bulk method is beneficial since observation of individual
liposomes is difficult owing to the size. In contrast, for giant liposomes, it is possible to observe
leakage with non-self-quenching concentrations of calcein (e.g., 50 [M). At this concentration,
the calcein solution is brightly fluorescent and readily observed under the microscope
encapsulated in giant liposomes. This allows a simple means of qualitatively observing leakage
of intravesicular contents during drying and re-hydration. The feasibility of direct observation of
fluorescence intensity along with concomitant structural changes is one of the key advantages of
using giant liposomes, rather than smaller ones.
While such microscopic observations are useful in exploring various drying protocols
qualitatively, a quantitative analysis needs to be performed to elucidate more subtle differences in
the results. Flow cytometry provides a means of assessing the fluorescence of each individual
liposome. The liposomes had negligible inherent fluorescence (without encapsulated calcein).
At least 0.5 mL of re-hydrated as well as initial liposome suspension was employed for the flow
cytometry measurements in all cases. Forward scatter, side scatter and calcein fluorescence
intensity data were obtained for the liposome suspension with an Epics Altra flow cytometer
(Beckman Coulter, Inc., Fullerton, CA) within an hour after re-hydration of the droplets. The
solution was vortexed during analysis to prevent sedimentation of the liposomes. The flow rate
was adjusted such that there were approximately 100-300 liposomes detected per second.
2.2.5 Measurement of Giant Vesicle Adsorption
For the qualitative adsorption experiments in the hydrated state, a vesicle suspension
labeled with lipophilic probe -- at a molar concentration of 0.1% Dil per total lipid -- was
employed to aid visualization of the number of adsorbed liposomes. These vesicles also
encapsulated calcein to determine if adsorbed vesicles retained calcein. Some of the suspensions
also contained trehalose to determine the effect of trehalose on adsorption. The suspensions were
diluted with an iso-osmolar solution of trehalose until the liposome concentration - as measured
by a Z Series Coulter counter (Beckman Coulter, Inc., Fullerton, CA) -- was the same regardless
of trehalose concentration. A volume of 2 mL of each vesicle suspension was then added to the
same tissue culture dishes used in the drying experiments. The tissue culture dishes were then
covered and allowed to stand for 1 hr, protected from light. The dishes were then rinsed thrice
and the remaining adsorbed vesicles observed with an Axiovert 200M microscope.
For quantitative measurement of the fraction of dried and re-hydrated vesicles that
remained adsorbed, vesicles labeled with 2% Dil per total lipid were employed in order to get a
reliable measurement of the suspension fluorescence. Again the suspensions were diluted such
that the liposome concentration was the same for the different trehalose concentrations. Droplets
of the suspensions were dried and re-hydrated as described above. The fluorescence intensity of
the re-hydrated suspension was measured with a microplate reader (Molecular Devices,
Sunnyvale, CA); this intensity was compared with that of the initial suspension and a
fluorescence intensity versus vesicle concentration calibration curve used to find the fraction of
the vesicles that were re-suspended, or alternatively, the fraction that remained adsorbed.
2.3 Results
2.3.1 Calcein-encapsulating Giant DSPC Vesicles Formed via the Film-
swelling Method
Figure 5: Typical DSPC Giant Vesicle Suspension Produced via the Film-swelling Method
(A) Phase contrast (40x) and (B) corresponding fluorescence illumination micrographs, revealing the
encapsulated calcein. The very small circular objects in the phase contrast image, which are not seen in
the corresponding fluorescence image, are not liposomes but rather dust particles on the microscope. The
exposure time for the fluorescence image was Is; the scale bar represents 20 [m.
Irrespective of the trehalose concentration employed, the film-swelling method produced
nearly-spherical giant DSPC liposomes that effectively encapsulated calcein (Figure 5).
Quantitative analysis of the (two-dimensional) micrographs revealed a median liposome
circularity of 0.87 (Figure 6A), where the circularity was defined as 427(Area)/(Perimeter 2),
resulting in unity for a perfect circle. Given that the liposomes are nearly-spherical, the effective
diameter provides an appropriate description of liposome size, the calculation of which produced
a unimodal distribution with a median of 7 [tm (Figure 6B), comparable to a human erythrocyte.
For the concentrations studied, addition of trehalose did not cause any significant change -- at the
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95% confidence level -- to the median circularity nor effective diameter. Inclusion of a
fluorescent lipid analogue revealed that many of the larger vesicles contained smaller vesicles
within them, i.e., multivesicular vesicles, as detailed in the literature for a similar film-swelling
technique (Rodriguez, Pincet et al. 2005).
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Figure 6: Box Plots Revealing Distribution of Vesicle Circularity and Effective Diameter
Circularity (A) and effective diameter (B) are shown as a function of trehalose concentration. For each
trehalose concentration, 400 calcein-encapsulating liposomes were analyzed after the centrifugation
washing procedure. The box plots were constructed using MATLAB 7.0 (The MathWorks Inc., Natick,
MA), in a manner similar to that described in the literature (McGill, Tukey et al. 1978). The box
displays the range between the first to third quartile of the distribution, within which the median is
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displayed as a horizontal line; the notches at the sides of the box represent the 95% confidence level
about the median. Dashed lines extend from each box, terminating in horizontal lines representing the
farthest points that are not outliers, in this case defined as those within 3/2 the interquartile range; the
outliers are represented as dots. For each distribution, the median falls within the notches of the other
distributions within a given plot and thus the differences in the medians are not significant, at the 95%
confidence level, although increasing the trehalose concentration does appear to slightly extend the range
of the outliers.
2.3.2 Calcein Retention of Giant DSPC Vesicles upon Drying and Re-
hydration: Effect of Trehalose and Moisture Content
Upon drying and re-hydration of the giant vesicles, trehalose improved calcein retention
to a degree readily apparent from even qualitative micrograph observation. In the absence of
trehalose, no encapsulated calcein was visible upon air-drying to equilibrium (Figure 7B). In
contrast, vesicles dried to equilibrium in the presence of trehalose were brightly fluorescent even
in the dry state (Figure 7F). Significant morphological differences were also observed: vesicles
dried in the absence of trehalose appeared to have collapsed and displayed folds or tears in their
surfaces (Figure 7C) whereas vesicles dried in the presence of trehalose maintained a more
spherical appearance (Figure 7G).
Figure 7: Giant Vesicles Dried Diffusively to Equilibrium
(A) Phase contrast micrograph (20x magnification) of vesicles dried in the absence of trehalose. (B)
Fluorescence micrograph of the vesicles in A) revealing a lack of calcein fluorescence. (C) Close-up
phase contrast image (40x) of vesicles dried in the absence of trehalose, showing typical folded or
wrinkled morphology. (D) Fluorescence micrograph of the vesicles in C). (E) Phase contrast micrograph
(40x) of vesicles dried in the presence of trehalose (200 mM, initially). The edge of the droplet may be
seen on the left side of the image. Cracks in the dried droplet are also easily visible. (F) Fluorescence
micrograph of the vesicles in E) showing calcein retention. (G) Close-up phase contrast image (40x) of
vesicles dried in the presence of 200 mM trehalose, revealing that the initial liposome structure is largely
maintained in the dry state. (H) Fluorescence micrograph of the vesicles in G). All camera exposure
times for fluorescence images were 1 s; scale bars represent 20 rtm.
Upon re-hydration, vesicles dried in the absence of trehalose appeared much as they did
in the dry state. They were not fluorescent (Figure 8B), indicating the initially-encapsulated
calcein had leaked out. Rather than recovering their initial hydrated state morphology (Figure
5A), the vesicles remained wrinkled in appearance (Figure 8C), as in the dry state. Indeed,
comparison of the same vesicles in the dry and re-hydrated states reveals negligible changes in
their morphology (c.f., Figure 7C and Figure 8C); such comparisons are facilitated by the fact
that the vesicles remained adsorbed to the surface rather than being re-suspended.
In contrast, vesicles dried in the presence of trehalose were fluorescent even after re-
hydration (Figure 8F), owing to retention of encapsulated calcein. Qualitatively, the degree of
calcein retention upon re-hydration appeared to increase with the amount of moisture remaining
in the dry state. Those vesicles dried to equilibrium - approximately 6% moisture content - were
weakly fluorescent (Figure 8F,H), while those dried only to about 20% moisture content had a
fluorescence intensity lower, but more comparable to that seen initially (c.f., Figure 8J and Figure
5B). In stark contrast to the case without trehalose, the vast majority of the vesicles were found
in suspension after re-hydration, regardless of the moisture content in the dry state. The structure
of these re-suspended vesicles did appear to depend on the residual moisture in the dry state:
those dried to equilibrium had a shrunken, rather angular appearance (Figure 8G), while those
only dried to 20% moisture content appeared smooth (Figure 81) like in the initial hydrated state
(Figure 5A).
Figure 8: Giant DSPC Vesicles after Re-hydration
(A) Phase contrast micrograph of re-hydrated vesicles dried in the absence of trehalose. (B)
Fluorescence micrograph of the vesicles in A) revealing a lack of calcein fluorescence. (C) Close-up
phase contrast image (40x) of re-hydrated vesicles dried in the absence of trehalose, showing folded
morphology. These are the same vesicles as in Figure 7C, showing that the vesicles remained adsorbed
to the surface after re-hydration. (D) Fluorescence micrograph of the vesicles in C). (E) Phase contrast
micrograph of re-hydrated vesicles dried to equilibrium in the presence of trehalose (200 mM, initially).
(F) Fluorescence micrograph of the vesicles in E) showing calcein retention. (G) Close-up phase contrast
image (40x) of re-hydrated vesicles dried to equilibrium in the presence of 200 mM trehalose, showing
shrunken structure typical for vesicles dried to equilibrium. (H) Fluorescence micrograph of the vesicles
in G) revealing typical weak fluorescence indicating loss of encapsulated calcein. (I) Close-up phase
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contrast image (40x) of re-hydrated vesicles dried to 20% moisture content showing the initial structure
was largely maintained. (J) Fluorescence micrograph of the vesicles in I) showing fluorescence
somewhat lower than that found initially. All camera exposure times for fluorescence images were 1 s.
All scale bars are 20 [tm.
Flow cytometry provided a more quantitative assessment of the effect of residual
moisture content on the calcein retention of re-suspended vesicles. The initial trehalose
concentration was kept constant at 200 mM - comparable to that found in naturally-
anhydrobiotic organisms (Tunnacliffe, de Castro et al. 2001) - for suspensions dried to three
different overall droplet moisture contents: approximately 6% (Figure 9A-C), 20% (Figure 9D-F)
and 40% (Figure 9G-I). At the highest moisture content, there appeared to be little shift in the
peak fluorescence intensity before drying and after re-hydration (Figure 91); however, further
drying to 20% moisture content resulted in a noticeable downward shift in the intensity upon re-
hydration (Figure 9F). The downward shift was even more pronounced for the vesicles dried to
equilibrium (6% moisture content, Figure 9C) in agreement with qualitative observations that
vesicles re-hydrated under these conditions were typically weakly fluorescent (Figure 8F,H).
Only the 6% moisture content droplets were dry enough that cracks formed in the glassy skin on
the surface of the droplet.
Regardless of the residual moisture content, drying and re-hydration of the vesicle
suspension did not appear to significantly alter its forward-scatter signal (Figure 9A,D,G) -
roughly proportional to vesicle size - nor its side-scatter signal (Figure 9B,E,H) - characterizing
the degree of granularity or internal structure. Only in the lowest moisture case did these signals
suggest a very slight decrease in size (Figure 9A) and increase in internal structural complexity
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(Figure 9B); any such minor change would be consistent with the deflated appearance of the
vesicles after re-hydration (Figure 8G).
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Figure 9: Flow Cytometry Histograms for 10,000 DSPC Giant Vesicles Dried in the Presence of
Trehalose
Flow cytometry histograms are shown for the initial (black) and dried and re-hydrated (red) suspensions
in 200 mM trehalose: (A) Forward scatter, (B) side scatter, and (C) fluorescence intensity distributions
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for 6% moisture content; (D) Forward scatter, (E) side scatter, and (F) fluorescence intensity
distributions for 20% moisture content; (G) Forward scatter, (H) side scatter, and (I) fluorescence
intensity distributions for 40% moisture content. All data is raw (unsmoothed and ungated).
2.3.3 Adsorption of Giant DSPC Vesicles in the Hydrated and Dry States:
Effect of Trehalose
Figure 10: Giant Vesicle Adsorption and Encapsulated Calcein Retention in the Hydrated State
(A) In the absence of trehalose, there were many adsorbed vesicles, as revealed by the fluorescent lipid
analogue (red). (B) Most of the adsorbed vesicles retained the encapsulated calcein (green), as shown by
this view of the same vesicles as in A). (C) Even in the presence of a low trehalose concentration of 100
mM, few vesicles adsorbed, as revealed by the red lipid analogue dye. (D) In the presence of 100 mM
trehalose, those few vesicles that did adsorb - as shown in C) - also appeared to retain calcein. All scale
bars represent 20 [tm.
A reduction in the number of adsorbed giant vesicles was observed qualitatively in
micrographs in the presence of trehalose. Vesicles were allowed to adsorb to polystyrene tissue
culture dishes in the hydrated state, followed by rinsing to remove the vesicles still in suspension.
Figure 10 shows the (adsorbed) vesicles that remained, wherein Dil - a fluorescent lipid
analogue - was incorporated into the lipid bilayer to aid visualization at low magnification.
Many vesicles adsorbed in the absence of trehalose (Figure 10A); however, in the presence of
even relatively low concentrations of trehalose (100 mM), comparatively few adsorbed vesicles
were observed (Figure 10C). In both cases, the adsorbed vesicles appeared to largely retain their
encapsulated calcein (Figure 10 B,D).
When viewed at high magnification, the perimeter of the adsorbed vesicles appeared to
have spread out along the surface (Figure 11 A); also apparent were wrinkles reminiscent of those
found in dried and re-hydrated adsorbed vesicles (Figure 8C), but not in vesicles in suspension
(Figure 5A). These morphological changes did not appear to cause significant leakage of
encapsulated calcein as long as the vesicles remained hydrated (Figure 11C); qualitatively there
did not appear to be a difference in the fluorescence intensity compared to vesicles in suspension
(Figure 5B).
Figure 11: Close-up Micrographs Revealing Structure and Calcein Retention of an Adsorbed
Giant Vesicle in the Absence of Trehalose
(A) Phase contrast. (B) Fluorescent illumination of lipid analogue dye (DiI). (C) Fluorescent
illumination of encapsulated hydrophilic dye (calcein). The camera exposure time for the fluorescence
images was Is. The scale bar represents 20 gm. The image was taken at 40x magnification.
After drying to equilibrium and re-hydrating, nearly all the vesicles remained adsorbed in
the absence of trehalose, while even a low concentration of 100 mM trehalose led to a clear
reduction of adsorption. Incorporation of a fluorescent lipid analogue, DiI, into the lipid bilayer
provided a means of quantitatively assessing the fraction of liposomes adsorbed at different
trehalose concentrations (Figure 12). Without trehalose, 98% of the labeled lipid remained
adsorbed to the surface; the small fraction of re-suspended lipid appeared to be vesicle fragments.
In the presence of trehalose, there was a clear reduction of the adsorbed labeled lipid to near
20%. There did not appear to be a significant effect of trehalose concentration on the adsorbed
fraction for the trehalose concentrations studied: 100 mM to 400 mM. The vesicles that were re-
suspended in the presence of trehalose appeared intact.
Figure 12: Adsorption of Giant Vesicles after Drying to Equilibrium and Re-hydration as a
Function of Initial Trehalose Concentration
The small fraction of vesicles that did remain adsorbed to the surface in the presence of
trehalose, after drying and re-hydration, appeared to retain little of their encapsulated calcein
even under mild drying conditions (approximately 40% moisture) (Figure 13B). Further, the
vesicles appeared to have undergone morphological changes, with folds or tears apparent in their
surfaces (Figure 13A).
Figure 13: Adsorbed Fraction of Giant Vesicles with 200 mM Trehalose Dried to 40% Moisture
Content and Re-hydrated
(A) Phase contrast. (B) Fluorescence illumination with 1 s exposure time. The brightest points in the
fluorescence image are very small liposomes, not adsorbed but in suspension; they have drifted from the
upper left hand corner in image A) to nearer the middle of image B) in between the collection of the two
images. The scale bar represents 20 [tm.
2.3.4 Calcein Retention and Adsorption of Giant DLPC Vesicles upon Drying
and Re-hydration: Effect of Lipid Type
Another lipid, namely DLPC, was chosen to explore the effect of lipid type on
encapsulated calcein retention and adsorption for giant vesicles during drying and re-hydration.
This lipid was so chosen because it is in the liquid-crystalline phase in the hydrated state at room
temperature, unlike DSPC, which exists in the gel phase. Unlike DSPC liposomes, the DLPC
vesicles were found to be unstable in trehalose -- when subjected to centrifugation -- and thus
their behavior was investigated only in its absence.
Figure 14: Effect of Drying to Equilibrium and Re-hydrating on Giant DLPC Vesicles in the
Absence of Trehalose
(A) Phase contrast micrograph (40x) of initial suspension of vesicles. (B) Fluorescence micrograph of
the vesicles in A) revealing calcein fluorescence. (C) Phase contrast image (40x) of vesicles re-hydrated
after drying to equilibrium, showing complex internal structure. (D) Fluorescence micrograph of the
vesicles in C), revealing bright calcein fluorescence. All camera exposure times for fluorescence images
were 1 s. All scale bars represent 20 [tm.
The film swelling method resulted in giant DLPC vesicles (Figure 14A) that had a similar
size and shape distribution to those formed using DSPC, with a median diameter of 6 tm, and
circularity of 0.83. Further, like the DSPC vesicles, some of the DLPC vesicles were
multivesicular. The vesicles efficiently encapsulated calcein (Figure 14B); however, they had a
slightly lower in'itial fluorescence, comparable to the DSPC vesicles after drying to a moisture
content of 20% and re-hydrating (Figure 8J). This slightly lower initial fluorescence intensity is
borne out more quantitatively in the flow cytometry data (Figure 15C), wherein the readings are
comparable to the DSPC vesicles after drying and re-hydration (Figure 9F).
When the DLPC giant vesicles were dried to equilibrium and re-hydrated, the majority
were easily re-suspended and displayed a bright fluorescence (Figure 14D). Indeed, the
liposomes appeared slightly brighter after drying and re-hydration than before. Although their
overall size distribution remained constant before and after drying and re-hydration, the internal
structure of the vesicles appeared more complex afterwards (Figure 14C); further, the vesicles
were observed to, undergo rapid structural fluctuations shortly after re-hydration. These results
are seen more quantitatively in the flow cytometry data. The forward scatter data (Figure 15A)
shows that the size distribution was relatively unchanged, while the side scatter data (Figure 15B)
suggests an increase in internal structural complexity upon drying and re-hydration. The
fluorescence intensity data (Figure 15C) displays a slight increase in fluorescence after re-
hydration compared to the initial suspension.
Figure 15: Flow Cytometry Histograms for 10,000 DLPC Giant Vesicles in Distilled Water without
Trehalose
The initial suspension is shown in black as well as that after drying to equilibrium and re-hydrating,
shown in red. (A) Forward scatter, (B) side scatter, and (C) fluorescence intensity distributions. All data
is raw (unsmoothed and ungated).
Unlike the DSPC vesicles in the absence of trehalose, the DLPC vesicles did not, for the
most part, adsorb to the surface during dehydration; the adsorbed lipid made up only 25% of the
total, comparable to DSPC vesicles in the presence of trehalose (Figure 12). Instead, most of the
vesicles flowed to the edge of the drying droplet via capillary motion, where close packing and
indeed some vesicle fusion was demonstrated by dyeing a portion of the vesicle bilayers with DiI.
In the absence of fluid motion, i.e., for DLPC vesicles left to adsorb in a tissue culture dish
without drying, some adsorption was observed; however, the vesicles did not remain intact,
instead spreading and apparently rupturing - with concomitant loss of calcein.
2.4 Discussion
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First considering the results for the DSPC liposomes, the most striking observation is the
improvement of calcein retention upon drying and re-hydration in the presence of trehalose.
While on one level the prevention of intravesicular solute leakage is not surprising -- given the
prevalence of trehalose accumulation in organisms that are naturally desiccation-tolerant -- it is
not immediately apparent precisely what role trehalose plays in this particular system.
A mechanism for the improvement of DSPC liposome anhydrobiotic preservation via
trehalose may perhaps be suggested by its reduction of giant vesicle adsorption in the dry state.
After air-drying to equilibrium and re-hydrating, vesicles in the absence of trehalose nearly all
remained adsorbed to the surface, whereas those in its presence were mostly re-suspended in an
intact state. Such variations did not appear to be the result of differences in vesicle size or
structure, as these parameters displayed little dependence on trehalose concentration. Since the
final moisture content was higher for the vesicles dried with trehalose than those without it, it is
possible that the variation in moisture content caused the difference in the fraction of vesicles
adsorbed; however, in the fully-hydrated state trehalose also appeared to reduce vesicle
adsorption, suggesting that trehalose itself may play at least some role in the reduction of dry
state adsorption. Many types of sugars are known to decrease protein adsorption to both
hydrophilic and hydrophobic surfaces, with trehalose having more of an effect than other
disaccharides as well as monosaccharides (Wendorf, Radke et al. 2004). Further, theoretical
(molecular dynamics) (Sum, Faller et al. 2003) as well as experimental (infrared spectroscopy)
(Crowe, Crowe et al. 1984) studies suggest trehalose interacts with the polar headgroups of the
lipid bilayer; thus, it is perhaps not unexpected that trehalose might affect vesicle adsorption to
surfaces. In the dry state, trehalose vitrification (Green and Angell 1989), as well as osmotic and
volumetric effects (Bryant, Koster et al. 2001), may prevent close approach of the vesicles to the
surface, and thus adsorption -- analogous to the role of trehalose in separating two bilayers.
The DSPC vesicles adsorbed in the absence of trehalose - as well as the small fraction
adsorbed in its presence - retained negligible intravesicular calcein upon drying and re-hydration
and suffered significant morphological changes, with folds or tears apparent in the vesicle
surfaces. One possible explanation is the increase in bilayer tension upon adsorption. In
suspension, the self-assembled giant vesicles have a nearly tensionless bilayer, except for a small
contribution owing to thermal fluctuations (Fa, Marques et al. 2004). Theoretical analysis
suggests that adsorption places giant vesicles under tension significant enough to potentially
cause pore formation (Bernard, Guedeau-Boudeville et al. 2000). In this study, adsorption alone
was not enough to cause significant leakage of encapsulated calcein, as the vesicles adsorbed in
the hydrated state appeared as brightly fluorescent as those in suspension; however, the
additional stress to the vesicle engendered by drying and re-hydration was likely sufficient to
cause pore or defect formation.
The presence of trehalose allowed most DSPC liposomes to dry without adsorption,
resulting in only transient bilayer integrity loss, to an extent dependent on residual moisture.
Although it is commonly suggested that prevention of lipid phase transitions (Crowe, Hoekstra et
al. 1989) and vesicle fusion (Crowe, Crowe et al. 1983; Green and Angell 1989; Crowe, Hoekstra
et al. 1996; Crowe, Carpenter et al. 1998) is sufficient to avoid solute leakage, this appears to not
necessarily be the case for giant liposomes as neither of these mechanism were relevant to the
DSPC vesicles; recently, a similar conclusion was obtained for large (100 nm diameter) vesicles,
suggesting some other type of damage mechanism (Cacela and Hincha 2006). For the giant
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DSPC vesicles in the current study, osmotic stress is the likely cause of the transient leakage
observed. Those vesicles dried to lower moisture contents - and thus experiencing greater
osmotic challenges - retained less calcein. Upon re-hydration the liposomes are subjected to a
transiently hypotonic solution if the rate of water permeation into the dried droplet is faster than
the rate of water transport across the lipid bilayer. Giant vesicles in suspension placed in a
hypotonic osmotic solution are thought to lose a portion of their intravesicular contents followed
by re-sealing of the lipid bilayer (Reeves and Dowben 1969). This might explain the transient
loss of the intravesicular calcein for non-adsorbed liposomes, in the presence of trehalose.
Although it is slower, the drying phase may also cause osmotic damage, particularly at very low
moisture contents. Giant vesicles in suspension maintain a spherical shape when shrinking in
response to a small hypertonic challenge (Reeves and Dowben 1969); the vesicles re-suspended
after drying to 40% and 20% moisture contents in the presence of trehalose also appeared
spherical after re-hydration. In contrast, the vesicles dried to equilibrium (approximately 6%
moisture content) underwent irreversible structural changes, resulting in a shrunken, wrinkled
appearance even upon re-hydration. Cells are similarly limited in their ability to undergo
extensive osmotic shrinkage while maintaining a spherical shape; similar irreversible structural
changes have thus been observed in cryopreserved cells (Steponkus, Lynch et al. 1990). Cracks,
which formed at this low moisture content, could also have inflicted mechanical damage on the
vesicles, similar to that which occurs from cracks in cryopreserved samples (Rabin, Olson et al.
1997).
In stark clontrast to the case for DSPC liposomes without trehalose, the DLPC liposomes
were brightly fluorescent upon re-hydration. Further, unlike the case for DSPC liposomes, which
adsorbed throughout the dried droplet in the absence of trehalose, the DLPC liposomes instead
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flowed to the droplet edge, as would be expected for non-adsorbing particles (Deegan, Bakajin et
al. 1997). This is consistent with the lower rates of adsorption to glass for liquid crystalline
phase liposomes -- relative to those in the gel phase -- possibly owing to greater bilayer
fluctuations that provide steric repulsion (Tenchov, Petsev et al. 1989). The lack of calcein
leakage for the DLPC vesicles may owe to the observed lack of adsorption with its concomitant
increase in bilayer tension. Another factor that may play a role is the phase of the lipid bilayer.
The DLPC lipid bilayer would be expected to be in the liquid-crystalline state as long as it is
hydrated, unlike the DSPC lipid bilayer, which is in the gel state. The liquid-crystalline (fluid)
lipid bilayer may be less likely to rupture as it is less rigid than the gel (solid) lipid bilayer
(Hoekstra, Golovina et al. 1999), or because the liquid-crystalline phase is more permeable to
water than the gel phase (Blok, van Deenen et al. 1976), or less likely to form packing defects in
response to an osmotic challenge (Disalvo, Campos et al. 1996). Regardless, the phase transition
DLPC likely undergoes during drying and re-hydration - given that its dry state phase transition
temperature of 81 C (Ricker, Tsvetkova et al. 2003) is well above room temperature -- does not
appear to result in leakage.
Despite their excellent calcein retention, the DLPC liposomes do exhibit significant
structural changes upon re-hydration. The close packing of the liposomes at the drying droplet
edge appears to cause vesicle fusion and thus structural changes; however, fusion does not appear
to result in leakage as it does in smaller liposomes (Crowe, Carpenter et al. 1998). Indeed, DLPC
liposomes appeared slightly brighter after re-hydration. When DLPC liposomes fuse they appear
to increase in structural complexity rather than size, resulting in a higher intravesicular solute
concentration -- assuming little solute is lost -- since there are fewer liposomes after fusion.
Unlike the case for DSPC liposomes, the re-hydrated DLPC liposomes did not appear wrinkled;
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given the higher fluidity of the DLPC bilayer, extrusions or daughter vesicles (Steponkus, Lynch
et al. 1990) may be more likely forms of dehydration-induced structural changes.
Mammalian cells have both liquid-crystalline and gel phase lipids. These different phase
lipids are thought to form segregated domains, the separation of which has been shown to be
maintained by trehalose during desiccation (Ricker, Tsvetkova et al. 2003). Like mammalian
cells (Chen, Acker et al. 2001), non-adsorbed giant DSPC vesicles appear to fairly easily
"survive" a reduction in moisture content to about 40%, with little leakage of calcein in the
presence of trehalose. Upon a further reduction of moisture content to 20%, the re-suspended
vesicles suffered a transient breach in bilayer integrity. Even desiccation tolerant seeds and
pollens undergo transient intracellular solute loss upon re-hydration (Hoekstra, Golovina et al.
1999), so this may be survivable by mammalian cells. Alternatively, it may suggest why cells
which appear to have an intact membrane may not be truly viable, as membrane integrity assays
are typically done some time after -- rather than during -- re-hydration and thus neglect this
transient leakage.. Reducing the moisture content further to 6%, resulted in loss of most of the
intravesicular calcein even for re-suspended giant vesicles in the presence of trehalose; such
conditions are not survivable by mammalian cells either (Chen, Acker et al. 2001). Significant
shape deformations were observed for the giant liposomes suggesting that irreversible osmotic
damage may be the cause of loss of cell viability at such low water contents. This suggests that
giant vesicles may provide a reasonable model system for understanding intracellular solute
leakage and viability loss for mammalian cells during desiccation and re-hydration. In particular,
it appears the gel phase membrane domains may be the "weak link" causing cell membrane
integrity breaches during drying and re-hydration, as the liquid-crystalline phase DLPC
liposomes did not leak even in the absence of trehalose. Taken together, the DSPC and DLPC
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giant vesicle results show the importance of trehalose not just for maintaining intravesicular - or
intracellular - solute retention, but also for preventing structural changes owing to adsorption or
fusion. Further, the role of trehalose in altering surface interactions with the lipid bilayer
deserves more attention, and may be particularly relevant for drying of adherent cells.
2.5 Conclusions
Thus far, long-term maintenance of mammalian cell bilayer integrity in the dry state has
not been truly successful. Breaches of membrane integrity result in the loss of intracellular
solutes and potentially cell death, particularly at very low moisture contents. Giant DSPC and
DLPC vesicles were prepared as a model system for mammalian cells to aid in elucidating the
mechanisms of damage to the lipid bilayer during anhydrobiotic preservation.
The first interesting observation is that surface adsorption of gel-phase DSPC vesicles
appears to result in permanent bilayer rupture with negligible retention of intravesicular solute
upon drying and re-hydration. This likely stems from the increase in bilayer tension upon
adsorption, which makes the vesicles more sensitive to stress. Second, in the presence of
trehalose, most DSPC liposomes did not adsorb and appeared to undergo only a transient breach
of bilayer integrity during drying and re-hydration. This transient breach likely owes to osmotic
stress and is potentially survivable by cells; however, at very low moisture contents, the
liposomes underwent irreversible structural changes even in the presence of trehalose, which may
partially account for the lack of success in drying cells to very low residual moistures.
Finally, liquid crystalline phase DLPC vesicles displayed negligible adsorption and
intravesicular solute leakage even in the absence of trehalose. The liposomes did however
undergo significant structural changes likely resulting from vesicle fusion. Giant vesicles thus
proved to be a useful model system for probing phenomena that would have been difficult to
isolate in cells, in particular, surface - lipid bilayer interactions and the role of trehalose therein,
as well as the effects of lipid phase.
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3 Microflow and Crack Formation Patterns in Drying Sessile
Droplets of Liposome Suspensions in Trehalose Solutions*
3.1 Introduction
Long-term anhydrobiotic preservation requires transition of the carbohydrate solution to
the glassy state upon drying. This vitrification halts or slows molecular mobility (Green and
Angell 1989), thus conferring biomolecular stability and inhibiting metabolic reactions --
although carbohydrates may play other roles in biomolecular stabilization, such as forming
hydrogen bonds to "replace" the evaporated water (Tsvetkova, Phillips et al. 1998). Thus,
trehalose is an effective preservative owing at least in part to its higher glass transition
temperature -- 113oC for trehalose dihydrate (Aksan and Toner 2004) - compared to many other
sugars (Green and Angell 1989).
Although promising results have been achieved with mammalian cells -- via freeze-
drying (Goodrich, Sowemimo-Coker et al. 1992), convective drying (Chen, Acker et al. 2001;
McGinnis, Zhu et al. 2005), as well as diffusive drying (Chen, Acker et al. 2001) -- much work
remains before the goal of long-term anhydrobiotic storage is achieved. Diffusive drying is of
* This chapter is reproduced in part with permission from Langmuir, submitted for publication;
unpublished work is copyright the American Chemical Society (2007).
particular interest because it most closely mimics the conditions experienced by anhydrobiotic
organisms in nature and because of its simplicity; however, complex drying kinetics arise even in
simple isothermal diffusive drying of droplets (Aksan and Toner 2004). Beginning with a
trehalose concentration comparable to that in naturally anhydrobiotic organisms, e.g., 200 mM
(Tunnacliffe, de Castro et al. 2001), considerable desiccation -- to a moisture content of
approximately 9 wt % -- is required for vitrification at room temperature (Aksan and Toner
2004), since the solution glass transition temperature decreases with the trehalose concentration.
The trehalose concentration is typically highly heterogeneous in such a desiccating solution, with
a thin glassy skin forming first at the air-liquid interface (Aksan, Irimia et al. 2006). Recent
experiments for trehalose solutions drying in microchannels suggest that - unlike the situation
hypothesized for polymeric carbohydrates (Pauchard and Allain 2003) - formation of a thin
glassy skin significantly impedes further evaporation (Aksan, Irimia et al. 2006), delaying
transition of cells to a state of "suspended animation," since they would likely be found in the
underlying solution. Once the skin has formed, further drying of glass-forming carbohydrate
solutions may eventually lead to other complexities, such as buckling of the skin (Pauchard and
Allain 2003; Gorand, Pauchard et al. 2004), and crack formation (Aksan and Toner 2004).
The inhomogeneous moisture conditions potentially experienced by cells within a drying
droplet of trehalose solution are further complicated by microflow fields, which may alter the
distribution of cells within the droplet. Although this phenomenon has been largely ignored in
the anhydrobiotic cell preservation literature, the flow of dispersed particles in drying sessile
droplets has been investigated for diverse applications including DNA stretching (Jing, Reed et
al. 1998; Chopra, Li et al. 2003; Smalyukh, Zribi et al. 2006), nanoparticle patterning
(Maenosono, Dushkin et al. 1999; Chon, Paik et al. 2007), and ink-jet printing (Kajiya, Nishitani
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et al. 2006; Park and Moon 2006; Wang and Evans 2006). Diffusive drying of sessile droplets
generally creates capillary flow resulting in particulate deposition near the contact line if it is
pinned (Deegan, Bakajin et al. 1997), with the width of the deposited ring depending on
parameters such as particle volume fraction (Maenosono, Dushkin et al. 1999) and size (Conway,
Korns et al. 1997; Chon, Paik et al. 2007).
The purpose of this study is thus to investigate these complex drying phenomena as they
relate to anhydrobiotic preservation, employing suspensions of giant liposomes in a trehalose
solution as a model cell system. Droplets of the solution were air-dried on two surface types -
polystyrene and glass - and the effects of the surface type on liposome flow, droplet deformation
and crack propagation assessed. Drying on polystyrene produced a ring deposit of liposomes
near the contact line, as would be expected from capillary flow, while drying on glass resulted in
accumulation of liposomes at the droplet center, although the droplet shape deformation was
similar for both surface types with a depression forming at the center. As drying progressed, a
net-like hierarchical crack pattern propagated from the edge of the droplets dried on polystyrene,
and from both the edge and the center for droplets dried on glass. An increase in liposome
concentration produced a branch-like pattern for droplets dried on polystyrene, while trehalose
solution droplets without liposomes rarely exhibited cracks at all.
3.2 Materials and Methods
Giant vesicles were prepared via the film swelling method (Reeves and Dowben 1969;
Needham and Evans 1988; Needham, McIntosh et al. 1988), as detailed in Chapter 2. Briefly, a
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stock solution of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) (Avanti Polar Lipids, Inc.,
Alabaster, AL) was prepared in chloroform (10 mg/mL), to which was added a small amount of
the fluorescent lipid analogue 1,1'-didodecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate
(DiIC 12(3)) (Invitrogen-Molecular Probes, Eugene, OR), such that the DSPC:DiICI2(3) molar
ratio was 1000:1. Next, 50 [tL of the solution was spread on a sanded Teflon@ (Scientific
Commodities, Inc., Lake Havasu City, AZ) disk cut to fit in the bottom of a 50 mL glass beaker,
which was then placed in a vacuum oven (Thermo Scientific-NAPCO, Waltham, MA) overnight
at 710 mm Hg vacuum and room temperature. The beakers were then placed in an enclosed
chamber into which steam was allowed to flow for 40 min, forming condensation on the disks.
Next, 4 mL of 0.22 jtm-filtered 200 mM trehalose (Sigma-Aldrich, Inc., St. Louis, MO) in
ultrapure water was heated to 60-650 C and added to each beaker, which was then placed in a
water bath (of the same temperature) and allowed to sit for 12 hrs before harvesting of the
resulting liposome suspension via pipette aspiration. For some experiments, the liposomes were
concentrated by centrifugation for 30 min at 325xg. Some experiments were also performed
with a solution from which the liposomes had been removed by syringe filtration (0.22 gim), in
order to determine the effect of any free lipid.
After mixing of the liposome suspension, a micropipette was employed to form 6-10 1tL
droplets on either cell culture polystyrene (Corning Inc., Coming, NY) or glass (Fisherfinest
premium microscope slides: Fisher Scientific, Pittsburgh, PA); it should be noted that the type of
glass has a significant effect on the droplet contact angle, and thus the results obtained.
Trehalose solution (200 mM) droplets without liposomes were prepared in the same manner, as
were those containing trehalose and 50 jiM calcein (Sigma-Aldrich, Inc., St. Louis, MO). The
droplets thus formed were then dried in a dry box (Fisher Scientific, Waltham, MA) containing
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calcium sulfate (W. A. Hammond Drierite Co. Ltd, Xenia, OH), which has a relative humidity of
approximately 5% (Chen, Acker et al. 2001). The dry box was kept at room temperature and
covered with aluminum foil to shield the samples from light. Those samples dried under the
microscope were dried in enclosed chambers containing calcium sulfate to mimic the conditions
experienced in the dry box. These were created from 100 mm diameter x 20 mm high
polystyrene dishes for cell culture (Corning Inc., Corning, NY) into which were placed two
parallel Teflon@ spacers approximately 30 mm apart. In the center - between the spacers - the
droplet was placed either on the polystyrene itself or on a glass slide which fit between the
spacers. The remaining volume of the cell culture dish, separated by the Teflon@ spacers, was
filled with calcium sulfate. The dish was then covered with the supplied lid and the edges sealed
with Parafilm MO (Alcan Packaging, Inc., Chicago, IL).
An inverted microscope, the Axiovert 200M (Carl Zeiss, Inc., Oberkochen, Germany),
equipped with an AxioCam MRm, was utilized to image the resulting droplets. The liposome
distribution within the droplet during drying was obtained from the fluorescence intensity
variation within the droplet. Since the distribution appears radially-symmetric, the variation in
fluorescence intensity with radial position was obtained using ImageJ, the public domain image
analysis program available from the National Institutes of Health (Rasband 1997-2006); a plug-in
for calculating radial intensity profiles has already been developed by another researcher (Carl
2006). This program was employed to integrate the pixel intensity values along concentric
circles emanating from the droplet center; the integrals were then normalized by the length of
integration. Since the droplets were too large to fit in the microscope field of view (Figure 5),
the integration was carried out over a slice of the droplet rather than its entirety. For the 6 [iL
droplets used in the numerical analysis, the droplet formed on polystyrene was integrated over a
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1540 region. Given that the droplet on glass spread out more, it was integrated over a smaller
slice: 1100.
For both droplet types, this resulted in a profile that is relatively smooth at the edge of the
droplet, where the length over which the total intensity is averaged is higher, but jagged at the
center where the integration was carried out and normalized over a much smaller length. Data
very near the center of the droplet, for which rlR < 0.1 -- where r is the radial position and R is
the contact radius of the droplet -- was thus excluded as it is unlikely to be meaningful. The rest
of the data was smoothed via a cubic spline contained within MATLAB 7.0 (The MathWorks
Inc., Natick, MA). The smoothing parameter, p, was chosen such that minimal alteration of the
(already smooth) data at the edge of the droplet occurred. The parameter p may range from zero
to unity, where zero provides a linear fit to the entire data set and unity gives the (variational)
cubic spline interpolant; thus, a value near unity was chosen. Since the integrals were averaged
over a greater length at the edge of the droplet than towards the center, the degree of smoothing
was radially-weighted as (r/R)b, where b is a constant.
The contact angle of droplets of the liposome suspension in 200 mM trehalose on the two
surfaces - cell culture polystyrene and glass - was assessed by photographing the droplets with a
Canon EOS 5D camera equipped with a macro lens. The droplets were backlit to increase
contrast with their surroundings. The contact angle was then determined using ImageJ (Rasband
1997-2006).
3.3 Results and Discussion
The liposome preparation procedure resulted in nearly-spherical multivesicular liposomes
having a median diameter of 7 [tm (Figure 6), comparable to that for mammalian cells. Droplets
of 200 mM trehalose solution with and without liposomes were deposited on polystyrene and
glass owing to their common use in cell culture and preservation; for both surface types, the
droplets took on a spherical cap shape with a higher contact angle for the more hydrophobic
polystyrene surface. As the droplets air dried, flow occurred within the droplet resulting in very
different liposome distribution patterns for the two surfaces. For polystyrene, a ring deposit
formed, which was an expected result from previous literature on drying of aqueous particle
suspensions; the previously unobserved accumulation of liposomes at the center of the droplet on
glass likely owes to the glass-forming nature of the trehalose solution. The surface type, as well
as the liposome concentration, also had a strong effect on crack formation. In the absence of
liposomes, most of the droplets did not crack upon further drying. When liposomes were
present, cracks formed in a similar fashion to those observed in a variety of other systems.
3.3.1 Liposome Microflow: Effect of Surface Type
For both surfaces, the droplets initially adopted spherical cap shapes (Figure 16 A,D), as
is expected given their small size for which capillary, rather than gravitational, effects dominate
(de Gennes, Brochard-Wyart et al. 2004). For droplets of the same volume (6 [tL), those formed
on the more hydrophobic polystyrene had a smaller contact radius (1.91-0.03 mm) than those
formed on glass (2.84±0.07 mm). The droplet radii did not change appreciably during drying,
i.e., the contact line was pinned. The contact angle of the droplet formed on the more
hydrophobic polystyrene surface was 53±30, while that on glass was 16.7±0.8'.
Drying of sessile droplets of the liposome suspensions with trehalose on the two different
surfaces led to strikingly different liposome distribution patterns. After drying on polystyrene for
approximately 45 min, at which point no more liposome movement was observed, a clear ring
deposit consistently formed near the edge of the droplet (Figure 16 B,C). In contrast, drying the
droplets on glass until the distribution ceased shifting (approximately 25 min) resulted in
deposition of the liposomes near the center of the droplet with a wide region near the edge that
was largely liposome-free (Figure 16 E,F). For both surface types, the patterns formed were
approximately radially symmetric.
Figure 16: Initial Droplet Shape with Resulting Liposome Distribution after Drying
(A) Side view photograph of initial droplet deposited on polystyrene with corresponding top view (B)
phase contrast and (C) fluorescence micrographs after drying, compared with (D) photograph of initial
droplet on glass with corresponding (E) phase contrast and (F) fluorescence micrographs after drying.
All droplets had a volume of 6 4tL; the droplets in the micrographs were dried for approximately 45 min.
The magnification for the micrographs was 2.5x; the scale bars represent 1000 ipm for all images.
The liposome flow patterns during drying were also observed in order to better
understand how the final distribution occurred. Initially, the liposomes were evenly distributed
throughout the droplet volume. For both surfaces, the liposomes were initially observed to flow
toward the edge of the droplet -- at a maximum velocity on the order of 10 Rm/s for polystyrene
and about 5 ptm/s for glass. For the droplet dried on polystyrene, this outward flow continued
until no further motion was observed. In contrast, for the droplet drying on glass, the flow
pattern appeared to reverse in later stages of drying, resulting in the liposomes moving towards
the center, albeit at a slower maximum velocity, on the order of 1 [pm/s.
The kinetics of the liposome distribution are displayed quantitatively in Figure 17.
Initially, the liposomes are distributed evenly throughout the droplet volume. The early profile
(black) thus just approximates the droplet height: higher at the center (r/R = 0) and lower at the
edge (r/R = 1). As the droplet begins to dry, the liposomes flow toward the edge initially for both
droplet types giving a profile with a slight peak at the edge of the droplet (blue); this peak is
more distinct in the case of the droplet dried on polystyrene (Figure 17A) than for the droplet
dried on glass (Figure 17B). As drying continues, the peak continues to increase in height and
width for the droplet dried on polystyrene as more liposomes flow from the center to the droplet
edge (Figure 17A, red); the maximum of the peak shifts inward slightly as drying continues. In
contrast, for the droplet on glass, the flow is inward in the later stages of drying such that the
shape of the profile inverts (Figure 17B) and is lower at the edge than in the initial profile,
although there is a small peak at the very edge of the droplet.
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Figure 17: Liposome Distribution Profiles during Drying
(A) Polystyrene (black: 12 min, blue: 20 min, red: 44 min), (B) glass (black: 2 min, blue: 10 min, red: 43
min). The dots display the fluorescence intensity data at various radial positions obtained from image
analysis, while the lines are the cubic smoothing spline fits to the data. The smoothing parameter, p, for
the profiles in A) was 0.9999 with a weighting power, b, of 4; for the profiles in B), p was 0.99999 and b
was 4, except for the profile at 10 min, for which b was 7.
II
The overall flow of liposomes to the edge of the droplets dried on polystyrene is expected
from capillary flow owing to contact line pinning, as has been observed in many other types of
suspensions (Deegan, Bakajin et al. 1997; Deegan, Bakajin et al. 2000). Were the contact line
not pinned, the droplet contact radius would decrease with time owing to evaporation; pinning
prevents this, resulting in fluid flow towards the droplet edge to maintain a constant contact
radius (Deegan, iBakajin et al. 1997). Further, for contact angles less than 900, the evaporative
flux is higher at the edge of the droplet than at the center (Hu and Larson 2002), which enhances
outward flow.
Although the overall flow of liposomes is outward from the center of the droplet
throughout the drying process on polystyrene, there is a slight shift in the peak of the liposome
distribution inward from the droplet edge with time that is not observed in simpler systems, e.g.,
aqueous solutions of microspheres (Deegan, Bakajin et al. 1997). Since the contact line remains
pinned, this deviation likely results from the glass-forming nature of the solution. Formation of
the glassy skin likely initiates at the edge of the droplet, progressing inward as the droplet dries.
Recent experiments suggest that despite its thinness, the glassy skin presents a significant barrier
to evaporation in trehalose solutions (Aksan, Irimia et al. 2006). If evaporation is hindered at the
edge of the droplet, the liposomes will no longer flow to the very edge, but rather, to a point
some finite distance inward. This point would shift further inward with time as skin formation
progresses. Since the region underneath the thin glassy surface skin is still liquid, this would
allow the liposomnes to flow back away from the contact line. Formation of a glassy skin starting
at the droplet edge could thus account for the observed slight inward shift of the peak of the
liposome distribution with time. Eventually, all the liposomes sediment and no further
significant changes in the distribution are observed, leaving a ring deposit near, but not at, the
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contact line. Another possible mechanism for the slight inward shift is that, while the glassy skin
at the edge of the droplet remains pinned, the still-liquid region underneath it -- as well as the
liquid region nearer the droplet center -- undergo depinning as the contact angle becomes very
small. For pure water, depinning occurs at a contact angle of 2-4o (Hu and Larson 2002). For
low contact angles, evaporation of a depinned droplet results in flow toward the center of the
droplet (Petsi and Burganos 2006), albeit at a lower velocity than the outward flow in pinned
droplets.
Regardless of the precise mechanism, the thin glassy skin with underlying liquid creates
an unusual situation for which deposition of particulates at the droplet edge is reversible, to the
extent that the particles do not sediment or become trapped in the skin. In the more typical case
without a glass-forming solution, particles are essentially irreversibly deposited at the edge as it
dries. At later stages, depinning may cause inward flow of particles in the still-liquid region
nearer the center of the droplet -- resulting in a broadening of the ring stain (Chon, Paik et al.
2007) or in some cases more complex patterns (Deegan 2000) -- but this does not disturb those
particles already deposited at the contact line. This suggests that altering the dynamics of glassy
skin formation will lead to changes in the liposome distribution within the dried droplet. Indeed,
this was observed to be the case, as altering the contact angle -- and thus desiccation kinetics -
had a significant effect on the liposome distribution.
In contrast to the case of the droplet dried on polystyrene, drying on glass resulted in
accumulation of the liposomes at the center of the droplet giving a largely liposome-free ring at
the edge rather than a ring deposit. Use of glass as a substrate in general does not cause this
behavior, as other suspension types dried on glass have created ring deposits upon drying;
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indeed, as long as the droplet remains pinned, outward capillary flow and thus a ring deposit are
expected regardless of the surface type (Deegan, Bakajin et al. 2000). Nor does the slightly
larger droplet radius appear to be the cause of the inward flow; ring deposits have been observed
even for much larger drops, e.g., 15 cm (Deegan, Bakajin et al. 2000). Ring deposits have also
been observed for droplets having low contact angles comparable to that for the liposome
suspension on glass: an aqueous microsphere suspension droplet having a contact angle of 140
was observed to form a ring deposit (Deegan, Bakajin et al. 1997). For a pinned contact line,
failure to form a ring stain has been previously observed for aqueous solutions only in special
chambers wherein evaporation occurred mainly from the center rather than the edge of the
droplet (Deegan, Bakajin et al. 2000). Particle accumulation at the center of a pinned droplet has
been observed for organic solvents, owing to Marangoni flows; however, such effects are
expected to be weak in aqueous solution (Hu and Larson 2006). Further, given that the
liposomes sediment, they are unlikely to be strongly affected by such surface flows. Buoyancy-
driven flows are also a possibility; however, such flows are recirculating and thus one would
expect to observe liposomes in different focal planes moving in opposite directions, which was
not observed. Additionally, pendant (hanging) droplets gave rise to radial liposome distributions
very similar to the sessile case, although liposome sedimentation in this case led to accumulation
of the liposomes near the glassy skin rather than at the solid substrate. Thus, the glass-forming
nature of the trehalose solution is the likely cause of this unexpected liposome distribution.
Although the final liposome distribution for the droplet dried on glass is unusual, the
initial flow patterns are those expected from capillary flow. The liposomes were initially
observed to flow outward toward the edge, as with the droplet on polystyrene, albeit at a slower
velocity. Since the initial outward flow to the edge is slower for glass than for polystyrene, a
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distinct ring never has time to form at the edge. Once the glassy skin begins to form, the
liposomes that do move to the edge may then begin to shift inward toward the center as observed
for the droplets on polystyrene -- except for the few that become trapped in the skin, likely
resulting in the slight peak in the distribution observed at the edge of the final profile. Since the
droplet is thinner and likely dries faster, skin formation may progress more quickly towards the
droplet center than in the case of the droplet on polystyrene, shifting the point of highest
evaporative flux towards the center of the droplet more rapidly. Further, the critical contact
angle below which depinning may occur - for the solution under the skin - would be reached
sooner for the droplet on glass.
It seems that perhaps the two disparate liposome distributions on polystyrene and glass
are caused by a competition between the various time scales in the system. If the ring deposit
forms quickly, as in the case of the droplet on polystyrene, and the progress of glassy skin
formation is relatively slow, then the skin formation has a minimal effect on the ring deposit
before the liposomes sediment and do not move further. This situation results in a ring deposit
shifted only slightly inward from the edge. In contrast, if the ring deposit forms slowly, as occurs
for the droplet dried on glass, then formation of the skin starting at the edge allows inward flow
of the liposomes underneath it until their motion is curtailed by sedimentation, resulting in
liposome accumulation near the center.
3.3.2 Microdroplet Deformation: Effect of Surface Type
At late stages of drying, evaporation caused deformation from the spherical cap geometry.
The final droplet shape was similar for both surface types: radially-symmetric with a ridge near
the droplet edge and a depression in the center. The center of the droplet appeared thinner for the
66
glass slide; its thickness was comparable to the size of the liposomes, since protrusions owing to
the liposomes were visible near the center, which was not the case for the droplet dried on
polystyrene. For the droplet on polystyrene, the liposome ring deposit was found near the peak
of the ridge. In contrast, for the droplet on glass, the ridge formed in the region at the edge that
was largely free of liposomes.
The shapes of the droplets can be captured qualitatively using a hydrophilic dye at a low
concentration, as shown in Figure 18; microdroplets of a liposome-free solution of 50 pM calcein
and 200 mM trehalose were dried on the same surfaces as employed for the liposome distribution
studies. While the ridges are not visible in the phase contrast images, the fluorescence intensity
gives a qualitative indication of the height of the droplet at a given point. While both droplets
have a lower fluorescence intensity at the center compared to the edge, owing to the peripheral
ridge, the variation is more abrupt for the droplet on glass (Figure 18E,F) than for that on
polystyrene (Figure 18B,C), corresponding to the narrower ridge observed visually for the
droplets on glass. Further, the fluorescence intensity at the droplet center is lower for the droplet
on glass than on ]polystyrene in agreement with the observation that the droplet on glass appeared
thinner at the center. Comparing the fluorescence intensity micrographs in Figure 18B and
Figure 16C - or the fluorescence intensity profiles in Figure 18C and Figure 17A - one can see
that for polystyrene, the liposomes and the hydrophilic dye are both located at the droplet edge
after drying, although the liposomes form a sharper ring deposit. The liposomes have a much
lower diffusivity and also flow may not be the only mechanism affecting the ridge formation. In
contrast, the fluorescence intensity micrographs in Figure 18E and Figure 16F, as well as the
fluorescence intensity profiles in Figure 18F and Figure 17B, reveal that the liposomes and
hydrophilic dye are located in very different regions when the droplet is dried on glass.
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Figure 18: Dried Trehalose Solution Microdroplet with Hydrophilic Dye
Microdroplets (6gtL) initially containing 200 mM trehalose with 50 jtM calcein (a fluorescent hydrophilic
dye) were dried in the dry box for 8 hrs. The phase contrast (A), and corresponding fluorescence
micrograph (B), as well as the fluorescence intensity profile (C) are shown for the droplet on polystyrene.
Also, the phase contrast (D), and corresponding fluorescence micrograph (E), as well as the fluorescence
intensity profile (F) are shown for the droplet on glass. In the fluorescence intensity profiles the
background fluorescence intensity has been subtracted off. The scale bars represent 1000 jtm.
Multiple mechanisms may drive formation of the ridge at the droplet periphery. When
the solution is still dilute, flow may lead to accumulation of trehalose at the edge of the droplet
such that this region appears raised upon evaporation of the remaining water. As the solution
becomes more concentrated, formation of a glassy skin at the droplet surface and subsequent
collapse of the droplet center upon continued (slow) evaporation may also play a role in ridge
formation. This latter phenomenon is similar to the buckling of surface crusts in concentrated
Radial Position .... I
polymer solutions during drying (Kajiya, Nishitani et al. 2006). Given the accumulation of
liposomes at the droplet center for the glass slide, formation of the ridge likely results at least in
part from buckling rather than simply trehalose accumulation owing to capillary flow, although
size segregation could also play a role. Further, transient surface wrinkles were observed at the
ridge in both systems after collapse of the center, suggesting the presence of a glassy skin (Figure
19). Such glassy skins in evaporating droplets have been modeled as thin elastic shells (Head
2006). It has been shown that these thin shells may undergo a range of buckling events
dependent on the initial contact angle and skin thickness, including modes displaying depressions
at the droplet center such as those observed here. Similar deformations have been observed
experimentally for drying droplets of dextran, a glass-forming polymeric carbohydrate (Pauchard
and Allain 2003; Gorand, Pauchard et al. 2004); however, deformation of trehalose droplets is
expected to vary from that observed with dextran owing to the greater rigidity of the trehalose
glassy skin (Aksan, Morris et al. 2005). Instead of deforming, the more rigid trehalose glassy
skin may instead crack, as discussed in the next section.
Figure 19: Transient Surface Ripple Formation in Desiccating Trehalose Solution Microdroplets
These phase contrast micrographs display the formation of transient surface ripples in microdroplets on
(A) polystyrene and (B) glass. In both cases, 6 ptL droplets of 200 mM trehalose with liposomes were
employed; one may easily see the liposomes in the center of the droplet on glass. The droplet on
polystyrene was imaged 73 min after placement in the dry box while the droplet on glass was imaged
after 41 min, since the droplet on glass is thinner and dries more quickly. In both cases the ripples
formed upon removal from the dry box and eventually dissipated under the microscope. At certain times
during drying - presumably after formation of the glassy skin - surface ripples form when the droplets
are removed from the dry box. At earlier times the ripples form just at the very edge of the droplet; later
they form over the ridge at the droplet periphery, which is wider in the case of polystyrene. It appears
that the ripples form only where there is a thin glassy surface skin with underlying liquid solution. The
70
center of the droplet on glass is very thin and likely has little solution underlying the skin. The ripples
are transient and appear to form owing to the change in humidity upon removal from the dry box and
exposure to the ambient air. The heat generated by the microscope light may also contribute to the
dissipation of the ripples, which typically occurs within a few seconds. The scale bars represent 1000
jRm.
3.3.3 Crack Formation: Effect of Surface Type and Liposome Concentration
In addition to affecting the liposome distribution, surface type and liposome
concentration have a strong effect on crack formation. In the absence of liposomes, most of the
droplets do not crack at all, even after months of storage in the dry box; this is true for droplets
dried on polystyrene (Figure 20A) as well as those dried on glass (Figure 20D). In the cases
without liposomes where cracks did form - 35% of the droplets for polystyrene and 8% of the
droplets for glass - the surface had a significant effect on the pattern of crack formation. Both
patterns had a hierarchical net-like topology, although the cracks were found throughout the
droplet for the case of polystyrene (inset, Figure 20A), whereas for droplets dried on glass the
net-like cracks were largely confined to the ridge near the droplet edge, with a few approximately
parallel cracks in the center (inset, Figure 20D). Droplets formed on polystyrene that cracked
also often displayed a deep circular crack just inside the ridge at the edge of the droplet (inset,
Figure 20A). The spacing between cracks in other systems has been previously observed to
decrease with the thickness of the dried solution (Allain and Limat 1995; Bohn, Platkiewicz et al.
2005). A similar result was found here: the cracks were closer together for the thinner droplet on
the glass slide compared to that on the polystyrene surface -- with the exception of the thin film
at the center of the droplet on glass where few cracks were found.
Figure 20: Effect of Surface Type and Liposome Concentration on Crack Formation
Trehalose solution droplets were dried on polystyrene (A) without liposomes, (B) with a low
concentration of liposomes and (C) with a high concentration of liposomes. The inset in A) shows the
unusual case of crack formation in the absence of liposomes. The dark circles at the centers of B) and C)
are bubbles. Droplets were also dried on glass (D) without liposomes, (E) with a low liposome
concentration and (F) with a high liposome concentration. The inset in D) is for the uncommon case of
crack formation in the absence of liposomes. The inset in E) shows a close-up of cracks emanating from
the liposomes in the depression at the center of the droplet; the ridge is to the left of the inset image and
the center of the droplet to the right. Each image was obtained using phase contrast; the fluorescence
image displaying the liposomes was overlaid in red. The magnification for all the images is 2.5x, except
for the inset in E) for which it is 10x; the scale bars represent 1000 [tm, except for that on the inset in E,
which is 50 [m.
More relevant to cell preservation is the case wherein liposomes are present. When even
a low liposome concentration was present, all the droplets began forming cracks within a couple
hours for both polystyrene (Figure 20B) and glass (Figure 20E); hierarchical net-like crack
patterns formed which were similar to those in the absence of liposomes (for the few cases where
cracks appeared). For the droplets containing low liposome concentrations dried on polystyrene,
tiny cracks first formed at the droplet edge, and propagated radially inward. While cracks were
observed emanating from liposomes at the very edge of the droplet, there were additional cracks
that did not seem to originate at liposomes; the cracks were approximately evenly-spaced along
the periphery of the droplet. For low liposome concentrations, the liposomes are unlikely to be
present near the skin, except perhaps the liposomes trapped at the very edge of the droplet. It is
possible such liposomes create defects in the skin that nucleate crack formation, after which
point cracks form at regular intervals as has been reported in the literature (Allain and Limat
1995). For the droplets that did crack in the absence of liposomes this nucleation role was
perhaps played by dust or small bubbles (Tirumkudulu and Russel 2005). The cracks do not
appear to be caused by free lipid accumulating at the droplet surface as removal of the liposomes
via filtration resulted in crack-free droplets. Similarly, addition of hydrophilic dyes such as
calcein did not appear to result in crack formation, at least at low concentrations (Figure 18).
Since formation of a given crack releases the stress perpendicular to the crack, but not the stress
parallel to the crack, subsequent cracks propagate so as to meet the previous cracks at
approximately a 900 angle to release this parallel stress (Bohn, Pauchard et al. 2005). The
direction of crack propagation thus depends on the previous cracks. This hierarchical method of
propagation eventually leads to a smooth net-like pattern of cracks. Such patterns have been
reported in dried thin films of gels and ceramic glazes (Bohn, Pauchard et al. 2005) that look
very similar to those observed for the dilute liposome suspensions.
For a low liposome concentration, droplets dried on glass likewise exhibited crack
propagation from the droplet edge, where there were a few liposomes. In contrast to the case of
droplets dried on polystyrene, those dried on glass also displayed crack propagation from the
center of the droplet, where most of the liposomes were located. For the droplets dried on glass
there were additional short jagged cracks around some individual liposomes found in the center;
this region had very few cracks in the absence of liposomes even when cracks did form at the
ridge. Net-like cracks generally do not form in very thin layers such as that at the center of the
droplet dried on glass (Cafiero, Caldarelli et al. 2000); rather, defects - in this case owing to the
liposomes - nucleate jagged cracks in a nearly simultaneous, rather than hierarchical, fashion
(Bohn 2004). For the liposomes towards the center but near the ridge, straighter longer cracks
emanated from the liposomes towards the ridge where they became part of the net-like pattern
(inset, Figure 20E).
For high liposome concentrations, a jagged branch-like crack pattern was observed for the
droplets dried on polystyrene (Figure 20C), rather than the smooth net-like pattern found for low
liposome concentrations (Figure 20B). At high enough concentrations the liposomes may be
packed so that they are in or near the skin over much of the droplet surface, in contrast to the low
liposome concentration case where the liposomes are likely present near the skin only at the very
edge of the droplet. This may cause defect formation in the skin near the liposomes resulting in
the jagged cracks. Such patterns have been reported previously in the literature; these rough
fracture patterns occur in disordered media because its heterogeneous nature causes small scale
variations in mechanical stress (Colina, de Arcangelis et al. 1993).
The droplets dried on glass having high liposome concentrations (Figure 20F) appeared
similar to those with low liposome concentrations (Figure 20E), displaying a net-like crack
pattern in the ridge around the edge of the droplet and small jagged cracks around the liposomes
at the center, although the width of the net-like patterned region was somewhat narrower. Since
most of the liposomes accumulate in the depression near the center, it is perhaps not surprising
that the result is largely unchanged from the low liposome concentration case since the ridge area
near the droplet periphery where the hierarchical cracks form is still largely free of liposomes.
A more quantitative description of the crack topology may be found by counting the
number of sides of each domain partitioned off by cracks, as well as the number of neighboring
domains bordering a given domain; such a description is shown for the case of a liposome
suspension dried on glass in Figure 21. Theoretically, it can be shown that for hierarchical crack
formation, most topological domains should have four sides and six immediate neighbors (Bohn,
Douady et al. 2005). This appears to be a reasonable description for the net-like crack patterns
observed.
Figure 21: Crack Topology Distribution
The number of sides for each domain partitioned off by net-like crack formation -- for droplets of low
liposome concentration dried on glass -- was counted, as was the number of immediately adjacent
domains.
3.4 Conclusions
In summary, the surface on which cells are dried is an often-overlooked consideration in
anhydrobiotic preservation that likely affects the conditions experienced by cells during drying as
well as their final moisture content, particularly for cells in suspension. Using cell-sized
liposomes as a model system, very different distribution results were obtained on two surfaces
relevant to cell preservation: a glass slide and a polystyrene dish. Interestingly, the liposomes
accumulated at the center of the droplet dried on the glass slide rather than at the droplet
periphery as would be expected from capillary flow; this unusual result likely owes at least in
part to the inhomogeneous glassy skin formation at the droplet surface. Given the likely spatial
variation of moisture within the droplet -- owing to droplet deformation and crack formation --
the overall moisture content typically used as an indicator of molecular mobility in anhydrobiotic
preservation is possibly misleading. The liposomes found in the ring deposit in the ridge of the
droplet dried on polystyrene are likely wetter than those found in the thin film at the center of the
droplet dried on glass. Additionally, the various crack formation patterns on the two surfaces
may have either a detrimental or beneficial effect. It is conceivable that - similar to crack
formation in ice during cryopreservation (Rabin, Olson et al. 1997) - cracks in dried trehalose
cause mechanical damage to the cells encapsulated therein. On the other hand, cracks present a
preferential path for evaporation after formation of the glassy skin and thus speed further drying
(Allain and Limat 1995). Given their importance in long-term anhydrobiotic storage, these
possibilities warrant further investigation. Further, pattern formation - both with regards to
particle (liposome) distribution and crack propagation - has diverse applications in other systems
and appears to be particularly interesting in glass-forming solutions such as trehalose.
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4 Finite Element Method Simulation of Desiccation Dynamics
in Unsupported and Sessile Trehalose Microdroplets
4.1 Introduction
The disparate distributions found for liposomes in desiccating sessile trehalose solution
microdroplets in Chapter 3, combined with the known inhomogeneities of moisture
concentration within drying trehalose solutions (Aksan, Irimia et al. 2006) calls into question the
usual practice of employing an overall moisture content to characterize the state of cells in
anhydrobiotic preservation. Clearly, the liposomes - or cells for which they are a model -
experience a range of conditions both owing to their movement within the droplet and the
complex desiccation kinetics of the solution itself. Given the relevance of drying sessile
microdroplets of trehalose solutions to anhydrobiotic preservation, it would be useful to develop
a model to describe the moisture content in the droplet as a function of time and position, e.g., in
order to determine when cells would experience the glass transition or to determine the osmotic
stresses (Chapter 2) that they undergo. It would also be useful to model desiccation of
unsupported microdroplets, i.e., those not in contact with a surface but falling in a gas or
levitated by some means, for applications such as spray drying that could provide an alternative
means of preserving cells in trehalose glasses.
Thus, a finite element method model was developed to simulate desiccation of
microdroplets of trehalose solutions, both those suspended in air and those placed on a surface.
This work builds on previous finite element method models for 1-D rectangular geometries in
both microchannels (Aksan, Irimia et al. 2006) and, more recently, in films (He, Fowler et al. In
preparation). The results for unsupported microdroplets are very similar to those in films with
formation of a glassy skin at the interface, which impedes further evaporation and thus maintains
the interior of the droplet at a relatively high (non-glassy) water content for very long times. For
the sessile droplet, another degree of inhomogeneity is introduced in that the water concentration
varies not only in the direction perpendicular to the solution-vapor interface, but also along the
interface.
4.2 Theory and Numerical Method
Given their small size and the relatively slow flows, the sessile microdroplets will be
assumed to maintain a spherical cap shape, while the unsupported droplets are assumed to be
spheres. The geometric parameters which describe these droplets are presented first. Then,
governing equations with the relevant boundary conditions are developed for diffusion of water
in each microdroplet system. Finally, the implementation of the numerical method is briefly
outlined.
4.2.1 Microdroplet Geometry
Surface tension, as well as gravitational and viscous forces may alter the shape of a
sessile droplet. The relative importance of these effects may be quantified with the relevant
dimensionless groups. Surface tension effects dominate viscous effects for a small capillary
number:
Ca = r (1)
where l is the viscosity, Vr is the average radial fluid velocity, and y is the surface tension. The
Bond number describes the ratio of gravitational to surface tension effects:
Bo- g (2)
where p is the fluid density, g is the gravitational constant, rc is the contact radius, and ho is the
height of the droplet at its center.
For the 6 ýtL sessile droplet on polystyrene in Chapter 3, the capillary number is on the
order of lx10-7, wherein the parameter values for water have been used for the viscosity and
surface tension since the solution is initially dilute and sugars typically have an insignificant
effect on surface tension. The estimation employed the maximum observed fluid velocity of 10
pm/s; even then, surface tension effects still dominate viscous effects. As the droplet dries, the
viscosity increases; however, the fluid velocity decreases, which would tend to keep the capillary
number small. It will thus be assumed that the capillary number is small throughout the
desiccation process modeled here. Again using the sessile droplet on polystyrene from Chapter 3
as an example, the Bond number is approximately 0.2. Thus, surface tension effects are also
more significant than gravitational effects. For a larger droplet, e.g., one double the size of that
used in Chapter 3, gravitational effects would no longer be negligible.
It will be assumed that the droplet being modeled has small Bond and capillary numbers
such that surface tension effects dominate and it forms a spherical cap shape (de Gennes,
Brochard-Wyart et al. 2004). A circular arc may easily be fit to both the droplet formed on
polystyrene as well as that formed on glass (Figure 16A,D) demonstrating that they initially form
spherical cap shapes. Previous researchers have found that evaporating pure water droplets
maintain their spherical cap shape until the contact angle reaches approximately 2-4o (Hu and
Larson 2002). At long times - after formation of the glassy skin at the droplet surface -- the
desiccating trehalose microdroplets were observed to deviate from the spherical cap shape
(Figure 18). For simplicity, this deformation during late phases of drying will be neglected. The
sessile droplet will thus be assumed to maintain its spherical cap shape for all times studied,
keeping in mind that the approximation is less valid after formation of the glassy skin over the
droplet surface. Likewise, any deformation that may occur during desiccation of the unsupported
microdroplet will be neglected; it will be assumed that the unsupported droplet remains spherical
for all time.
The unsupported droplet will thus be assumed to be spherical with radius r,; this
symmetry will result in a l-D problem in spherical coordinates. The sessile droplet may be
described by its contact radius, rc, and contact angle, a, which can be measured experimentally as
shown in the example in Figure 16A,D. Owing to its axisymmetrical nature, the drying droplet
can thus be described as a 2-D (r,z) problem in cylindrical coordinates with the liquid-gas
interface located at z = h(r,t) as shown in the diagram below (Figure 22).
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Figure 22: Description of Sessile Droplet Geometry with Finite Element Method Mesh
An example is given of the sessile droplet geometry with a FEM mesh. The droplet was drawn using the
experimental contact angle and contact radius of the sessile droplet on polystyrene in Figure 16A.
First, some basic relationships between the parameters in the spherical cap geometry will
be defined, for use in describing the surface position below. The radius, R, of the equivalent
sphere from which the spherical cap is formed is related to the contact angle, a and contact radius
by (Rowan, Newton et al. 1995):
R (= c  (3)
sin a
The volume of the droplet can be written as (Rowan, Newton et al. 1995):
zrc3 (2-3cos a+cos3 a)
V = (4)3 sin3 a
The volume V and sphere radius R will both decrease with time during evaporation. For a pinned
droplet, the contact radius, rc, will remain constant and the contact angle, a, will decrease during
evaporation. The height, h, of the spherical cap droplet may be written as a function of radial
position, r, as (Deegan, Bakajin et al. 2000):
~
-
h = _ _ r2 rc
sin2 a tan a (5)
Note that the height is also a function of time via a. The outward unit normal to the liquid-gas
interface, n, is:
n = ni r + nzi z (6)
wherein the components are given by:
rsina
nr =
and
nz =1 r sina r (8)
4.2.2 Description of the Trehalose Solution
In this section, some relationships between the components of the solution will be
defined. The solution will be assumed to contain only trehalose and water. Thus, the sum of
their volume fractions is unity:
0 +O, =1 (9)
where w. and , are the volume fractions of water and trehalose, respectively. Naturally, their
mass fractions also sum to unity:
0jw + =1 (10)
-- where cow and wt are the mass fractions of water and trehalose, respectively -- as do the mole
fractions:
n, + nt =1 (11)
where nw and nt are the mole fractions of water and trehalose, respectively.
The mass concentrations of water, Cw, and of trehalose, Ct, in the solution may be written
in terms of the volume fractions using the partial specific volumes as:
C, =V (12)
and
(13)
where V, and V, are the partial specific volumes of water and trehalose, respectively. The volume
fractions may be expressed in terms of the mass fractions as:
COjw
and
(15)
The mole fractions may be written in terms of the mass fractions as:
nw -
and
(14)
(16)
C = --V
(17)nt -
where Mw and Mt are the molecular weights of water and trehalose, respectively, and M is the
average molecular weight, defined as:
(18)
The molar volume, V, may then be expressed as:
J7 = Pn, + 1tn, (19)
where K,, and are the partial molar volumes of water and trehalose, respectively. Further, the
specific volume may be written as:
V= VW, ) + O (20)
The density of the overall solution, p, is equal to the inverse specific volume:
(21)
For simplicity, the partial specific and partial molar volumes were assumed to be constant (He,
Fowler et al. 2006), although strictly-speaking they are themselves functions of concentration.
4.2.3 Governing Equations with Boundary and Initial Conditions
The equations governing water transport in the desiccating microdroplets are developed
below, along with their respective boundary and initial conditions.
WW=MA
4.2.3.1 Conservation of Chemical Species
The moisture content variation within the droplet is a critical factor in anhydrobiotic
preservation applications, so the conservation equations and boundary conditions will be written
in terms of water. It may be shown - e.g., Eqs. (68) through (77) -- that with the given water
governing equation, boundary condition and interface motion expression, the mass of trehalose in
the droplet is time-invariant as it must be since trehalose does not evaporate (or react). The
governing equation for conservation of water in the droplet assuming Fickian diffusion is then:
W= -VC v + V. (DVCw) (22)
at
where Cw is the mass concentration of water, t is time, v is the fluid velocity, and D is the
diffusivity, which is allowed to vary with position.
Now the boundary conditions for the species conservation equations will be derived at the
(moving) liquid-gas interface. The flux of water (relative to the interface) should be equal in
each phase, assuming there is no accumulation at the interface:
[(J + C (v-v, ))-(J,,g + C.g (Vg -v,))].n =0 (23)
where Jw is the diffusive flux of water (in the droplet), v, is the velocity of the interface, Jw,g is
the diffusive flux of water in the air surrounding the droplet, Cw,g is the concentration of water in
the gas and vg is the velocity of the gas. For total mass, the conservation equation at the interface
becomes:
[p(v-v)-Pg (Vg -vj)].n=O (24)
where p and pg are the densities of the trehalose solution and of the air, respectively. Combining
Eqs. (23) and (24) gives:
[(J + C, (v- v, ))(J + po,, (v- v,))] n = 0 (25)
where Wow,g is the mass fraction of water in the air. Since ww,g is likely small and because an
empirical relationship will be used to describe Jw,g, which thus makes it difficult to separate out
the different contributions to the flux in the gas, the convective terms in the gas will be
neglected. Assuming Fickian diffusion in the liquid, the flux therein may be expressed as:
JW = -DV C (26)
The diffusive flux in the gas will be assumed to have the form:
Jw,, = -hm (Pw,, - P,, )n (27)
where hm is an empirical mass transfer coefficient, and Pw,o and Pw,, are the vapor pressures far
from the droplet and at the interface, respectively. The mass transfer coefficient will be assumed
to be constant, both in time and spatially. For a sessile droplet, there would be a spatial variation
owing to alteration of the water vapor profile in the gas phase by the solid support. Further, the
mass transfer coefficient should depend on the droplet size, but this effect will be neglected. A
means of accounting for such effects has been described in the literature (Hu and Larson 2005)
and could be included in future refinements of the model; however, good agreement with
experimental results has been obtained for evaporation of sessile pure water droplets assuming a
spatially-invariant mass transfer coefficient (Rowan, Newton et al. 1995). Substituting Eqs. (26)
and (27) into Eq. (25) then gives:
[(-DVCw + Cw(v-- i))] n = hm (Pw, - Pw,) (28)
Another boundary condition is needed at the center of the droplet. A symmetry condition
is appropriate:
(-DVC +Cv) -i, at r=0 (29)
Also, where the (sessile) droplet contacts the solid surface the total flux must vanish:
(-DVC, + C,v) n, at z = 0 (30)
where ns is the unit normal to the solid surface. Initially, the concentration will be assumed to be
constant throughout the droplet
C, = Cwo at t =0 (31)
4.2.3.2 Conservation of Momentum
Although fluid flow, e.g., circulating flows owing to convective gas flow, may arise in
unsupported (falling or levitated) droplets, such flows will be neglected for simplicity; drying
conditions for which this is a valid assumption have been discussed in the literature (Muginstein,
Fichman et al. 2001). Flow - owing to capillary phenomena -- occurs in pinned sessile droplets
because otherwise the contact line would recede owing to evaporation (Deegan, Bakajin et al.
2000). Although this flow likely has little effect on the endpoint water distribution, it does affect
the distribution of particulates with low diffusivities, such as liposomes.
It is desired to find a simple velocity description that captures some of the features of this
flow without unduly increasing computational load; a full solution of the momentum
conservation equations including the free interface of unknown shape is not realistic. As detailed
in Section 4.2.1 above, the droplet will thus be assumed to maintain a spherical cap shape as has
been experimentally observed for small droplets wherein gravitational effects are negligible and
the capillary number is small such that the fluid flow itself does not appreciably deform the
shape. Since the flow is nearly-unidirectional (radial), a lubrication approximation (Deen 1998)
will be used to describe it. A lubrication approximation for pure water consistent with the
spherical cap assumption has been reported in the literature (Hu and Larson 2005) and a similar
approach will be followed here. Early in the drying process, when the flow is fast enough to be
experimentally observable, the concentration of trehalose is very low and the velocity profile is
likely to be very similar to that of a pure water droplet.
Given the small length and velocity scales, diffusive (viscous) momentum effects should
dominate convective (inertial) effects in this problem, and thus it will be assumed that the
Reynolds number is low and that the flow is psuedosteady. Additionally, gravitational effects
leading to buoyancy-driven flows and droplet shape changes will be neglected, as such flows
were not observed experimentally and the droplets appeared to have a spherical cap shape at least
initially (Chapter 3). Assuming further that the fluid may be approximated as a Newtonian fluid
of constant density and viscosity, one arrives at the equation for Stokes flow:
VP = qV2v (32)
where P is the pressure and .r is the viscosity. The continuity equation - from conservation of
total mass -- provides another constraint on the velocity field:
V-v=0 (33)
These assumptions, particularly that regarding the constant viscosity, would become less valid
with time as the solution dries; however, initially, when the flow is observed to occur, the
solution is dilute and the viscosity nearly uniform.
A boundary condition is needed at the liquid-gas interface. First, the tangential boundary
condition will be considered. Surface tension gradients will be neglected because temperature
variations along the surface are typically not significant for evaporating aqueous solutions, nor do
sugars strongly affect surface tension. Further, the shear stress exerted by the gas on the liquid at
the interface will be neglected giving:
t- -n = 0 at z = h(r, t) (34)
where t and n are. the tangent and normal unit vectors at the interface, respectively. In Eq. (34) Tr
is the viscous stre:ss tensor, which is given by:
T = [V +(Vv)T (35)
Further, normal to the interface Hu and Larson employ the kinematic boundary condition:
[p(v-vi)-J, ].n=0 (36)
which is Eq. (25) written for a pure fluid - or a dilute solution for which diffusive transport is
insignificant in the solution - assuming again that the mass fraction of water in the air is small so
the convective terms in the gas may be neglected. The flux in the gas is given in Eq. (27), while
the velocity of the interface will be derived in Section 4.2.4.2 below. At the liquid - solid
support interface the fluid is assumed to satisfy the no-slip and no-penetration conditions:
v =0 at z =0 (37)
Given the: axisymmetric nature of the problem, the velocity field will be assumed to
consist only of radial, v,, and axial, vz, components, the latter of which is likely much smaller
since the flow owes mainly to capillary effects for the pinned droplet, giving an essentially
radially-outward flow (Deegan, Bakajin et al. 2000). A lubrication approximation is thus
appropriate and was found to closely approximate the full solution of the problem even when the
droplet was not thin (Hu and Larson 2005). The r-component of Eq. (32) thus becomes:
aP a2v
-- = r7 (38)
ar az2
while the z-component is simply:
-- = 0az (39)
The continuity equation (33) becomes:
(40)I a(ry,) av+ --- =0•
r ar az
The shear stress balance at the interface (34) becomes:
+a = 0
z=h(r,t) z=h(r,t)
Hu and Larson further assume that
ar z=h(r,t) ar
and thus, Eq. (41) may be written as:
z ( lz=h(r,t) 3
ar z= h(r,t)
The kinematic condition in Eq. (36) becomes:
z=h(r,t) - dt
(41)
(42)
(43)
(44)r 2 Jwgn2+
'0 J
wherein the parabolic approximation to the spherical cap shape has been used for simplicity in
this expression, and ho is the height of the droplet at r = 0, and Jw,g,, is the component of Jw,g
normal to the interface. The height of the droplet decreases with time in a manner detailed in
Section 4.2.4.2 below.
To solve the set of equations just outlined above, Hu and Larson begin by assuming that
the radial velocity component has the following dependence on the axial position:
vr = az
2 +bz+c (45)
The no-slip condition (37) at z = 0 may be used to show that c vanishes. Substituting Eq. (44)
and Eq. (45) into Eq. (43) allows one to solve for b (in terms of a):
2r dho 1 aJw,g,n 2ah (46)
rc2 dt p ar
Defining the vertically-averaged radial velocity:
1h
h, = vdz (47)
0
gives another equation for the unknown coefficients in Eq. (45) since substituting Eq. (45) into
Eq. (47) and performing the integration yields:
ah2 bh
v, = - +- (48)3 2
Combining Eqs. (46) and (48), this is sufficient to determine a and b as long as the
vertically-averaged velocity is known. An approximation to the vertically-averaged radial
velocity, as derived by Deegan and co-workers for a water droplet may be written using a mass
balance approach as (Deegan, Bakajin et al. 2000; Hu and Larson 2005):
1 F h 2  Ah
r rh wg ,n r
While this expression should be valid for early times when the trehalose concentration is
very low so the droplet is nearly pure water, it clearly does not hold at long times. Indeed, at the
other extreme where the droplet solidifies into a trehalose glass, one should have V -) 0. In
order to roughly account for this decrease in velocity owing to an increase in viscosity, the
velocity for water derived by Deegan and co-workers was multiplied by a viscosity-dependent
factor (fA) that is unity when the viscosity is that of pure water (qro) and approaches zero when the
viscosity is that of the glass (rg):
vr = 0of (50)
where:
fv = aq ri (4.51)
logo (a,)= log 0 (EM) log-0 (770) (4.52)
logo 1Y7
Slog. (.m) (4.53)
logo a/
The function f, is linear on a log-log plot; this type of function was used owing to the
wide range of viscosity values (Figure 26). Since one cannot take the logarithm of zero, the
machine epsilon (eC) -- the smallest numerical value a given computer can reliably distinguish
from zero -- was used instead. An easier approach might be to simply require that the flow
become negligible (i.e, vanish) upon the viscosity reaching some critical value; this critical value
could be experimentally determined via observations of flow of particles in the drying droplets.
The vertically-averaged radial velocity could itself of course be estimated experimentally, but
then the model would not be predictive for other conditions.
Ultimately, this procedure gives a radial velocity of:
v, = az2 + bz (54)
where the coefficients are given as:
(55)
(56)
2h2  r 2 dt
b= 2r d 2ah
r,2 dt
wherein radial gradients in the diffusive flux in the gas have been neglected for simplicity. The
(much smaller) axial velocity component is then determined from the continuity equation (40) as:
+aa 2 (b ab
+---I -+- I
Jr j 2r B3rj (57)
wherein the no-penetration condition in Eq. (37) was employed to determine the integration
constant.
4.2.3.3 Conservation of Energy
The governing equation for conservation of energy may be written as:
pc +v-VT =v.(kTVT) (58)
3
vZ =-
.Z3
where T is the temperature, Cp is the specific heat capacity of the solution, and kT is the thermal
conductivity of the solution. At the center of the droplet, a symmetry condition must be satisfied:
VT i =0 at r =0 (59)
At the liquid-vapor interface, the following boundary condition holds:
-kTVTn = h,(T-T)+ Hp(v-v,)-n (60)
where hT is the heat transfer coefficient for the gas, TO is the temperature far from the droplet and
H is the specific latent heat of evaporation. This equation accounts for heat transfer owing to the
phase change (evaporation) as well as transfer of heat from the surroundings. At the solid
support (for the sessile droplet):
-kTVT-n= -+8 (T-L) atz=0 (61)
where ks is the thermal conductivity of the support and bs is the thickness of the support. In Eq.
(61), it has been assumed that the temperature in the solid support is approximately constant and
thus the heat transfer problem in the solid support may be adequately described by a lumped heat
transfer coefficient (He, Fowler et al. In preparation). Initially, the temperature is assumed to be
uniform throughout the droplet and equal to the ambient value far from the droplet:
T=T att=O (62)
Other contributions to the energy balance that may play a role in certain systems, such as the heat
of solution or radiation heat transfer, have been neglected here as they are unlikely to be
significant.
4.2.4 Interface Position
Descriptions of the position and movement of the trehalose solution-air interface for both
the unsupported and sessile droplets are developed in this section.
4.2.4.1 Unsupported Droplet
The droplet volume, V, decreases via evaporation of water into the surrounding gas.
Thus,
dVdVdt - whm(Pw,-Pw,)dS (63)
sphere
where dS is a differential surface element and the integration is carried out over the spherical
droplet surface. Owing to the symmetry of the problem, the flux and concentration do not vary
over the droplet surface and thus:
dV
dt= -4r, whm (Pw,l - w,_) (64)
The volume of the sphere is:
V =-  (65)
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Differentiating Eq. (65) and combining with Eq. (64) gives an expression for the position of the
droplet surface:
dr= -wh (Pw,, - Pw, ) (66)t '*W
The velocity of the droplet interface is thus:
dr
Vr = ir  (67)
Since trehalose does not evaporate, the mass of trehalose must be equal to the initial mass
of trehalose for all times. It may be shown that this criterion is automatically satisfied for the
given governing equation (22), boundary condition (28), and surface motion expression (66),
already described for water. To this end, the change in the mass of trehalose, mt, may be written
as the time derivative of the integral of the trehalose concentration over the (spherical) droplet
volume as:
dm, dt f CdV (68)
sphere
For this spherically-symmetric system, this reduces to:
dm = 4r r CT2dr (69)
dt dt )
Employing the Leibniz rule, this becomes:
= 4x r2dr C C,( ,t) r (70)
dt 0 at dt
Writing the trehalose concentration in terms of the water concentration using Eqs. (9), (12), and
(13) gives:
dmt - 2Cd d r td = 4 x ---K r2dr+ s 1-( C,(,t)l (71)dt Vt 0 at dt
For this l-D problem in spherical coordinates, neglecting convection in the droplet, the
governing equation in (22) reduces to:
Cw t 1 a( r 2 D iCw(
at r2 ar, ar
Substituting Eq. (72) into Eq. (71) gives:
dn, 4 - r 2D dr
d t V, Jr)
dr r (I (]+ 1-,L c (rS,,t)) (73)
Evaluating the integral within the brackets gives,
d Vr2D (rt) aC,
dt V r (74)dtr(,dt-Vt
The boundary condition at the surface (28) may be written as:
ac dr
-D - Cwd = hm (Pw (75)
where the 1-D nature of the problem, in spherical coordinates, has again been exploited along
with the absence of significant fluid flow. Solving for the diffusive flux in Eq. (75), and
substituting it into Eq. (74) gives:
dm= 4 h (pw,,dt Lt
r2  dri
Vtw-) dt (76)
Finally, substituting the interface motion equation (66) into Eq. (76) gives:
dmi 0L0O (77)
Thus, conservation of trehalose is inherent in this formulation of governing, boundary and
surface motion equations and no additional constraint need be imposed.
(72)
- P,**) at r = rs,(t)
VWC, (rs'
4.2.4.2 Sessile Droplet
Like the unsupported droplet, a description of the interface position is needed. The two
problems are similar in that evaporation leads to droplet shrinkage; however, the relationship for
the sessile droplet is more complex owing to the more complicated geometry. As discussed
above in Section 4.2.1, the evaporating sessile droplet will be assumed to maintain its spherical
cap shape and constant contact radius. The goal in this section is to find an expression for the
contact angle (and droplet height) as a function of time and known experimental parameters.
The basic approach will be to use the chain rule to express the change of the contact angle
of the droplet, a with time, t, using:
V (t) = V (a(t)) (78)
where V is the volume of the sessile droplet. Thus, from the chain rule:
dV DV da
- (79)dt aa dt
where rc is held constant since the droplet is pinned. Solving for the change of the contact angle
with time gives:
da = dV ( a (80)
dt dt Da
The first factor dV/dt may be found by integrating the evaporative flux over the surface of the
droplet and is thus known in terms of experimental parameters. The second factor involving
aV/aa may be calculated from the spherical cap geometry assumption.
Now an expression for dV/dt in Eq. (80) will be obtained in a manner analogous to Eq.
(63), only now the integration is carried out over the spherical cap:
dV 
(81)spherical cap
Unlike the case of the suspended droplet, the evaporative flux is not constant and so it cannot be
taken out of the integral, i.e., Pw,, is a function of position. The axisymmetrical nature of the
problem can be exploited though in that the flux only varies along the liquid-vapor interface
curve, rather than over the whole surface. Thus, the integral only needs to be performed along
the curve. The volume change equation becomes:
dV= -2 Irhm (P•, -P, )dF (82)
dt Ls
where dF is a differential surface element along the curve. For simplification of the following
equations, let c be defined as:
S= -2xJr•h (Pi,, - P,_, ) d)F (83)
L,
giving:
V= (84)
dt
The first factor in Eq. (80) is now known.
In order to evaluate the second factor in Eq. (80), differentiate Eq. (4), while holding r,
constant:
Sc(85)
a• cos2a+ 2cos a+ 1
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Next, substitute Eqs. (84) and (85) into Eq. (80) giving an expression for the rate of change of the
contact angle with time:
da '(cos2a +2cosa+l) (86)dt 7rc3
Rearranging, and integrating yields:
d1 t
a. dc frdt (87)
ai cos 2a+2cosa+1 rrc3 0
where a1 is the initial value of a, at t = 0. The integral on the left-hand side of Eq. (87) may be
evaluated analytically; however, the integral on the right-hand side will need to be evaluated
numerically using the concentration profile in the coupled convection-diffusion equation. Note
that ic itself is an integral (over position). Thus, Eq. (87) becomes:
tan (2) t f( 2 1n2a K  [tan2 (cA)+3]- an a(88)tan2 +3 = i8
6 [tan (72) + 3 6 t 12)+3]=;rrc3  (88)
where K has been defined as the (numerical) integral:
K = idt (89)
0
The (non-imaginary) root of Eq. (88) is:
a = 2arctan [(3g + 9g2 ) -(3g+ + 9g2 ) (90)
where the function g has been defined as:
tan (2 Kg = tan2 [(aK2) + 3T+ 3 (91)
to simplify the expression. Thus, a is known in terms of time (t) and experimentally-measurable
geometric parameters (rc,ai) once K has been evaluated using the coupled concentration problem.
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Also necessary to determine the droplet surface position is the rate of change of the
droplet height. From Eq.(5):
h(r,t)= h(r,a (t)) (92)
Using the chain rule:
Ah Ah da
at aa dt
(93)
The second factor in Eq. (93) is already known from Eq.(86). The first factor may be calculated
from Eq.(5) as:
h -r 2 cosa' rc (1+ tan2 a)
a sna r2 tan2 a
sin 3  ra
sin 2a
(94)
Substituting Eqs. (94) and (86) into Eq. (93) and simplifying gives:
KC
= 2( (95)
Since a is known from Eq.(90), the droplet surface is now defined. The velocity of the interface
may now be expressed as:
ah.
VI =-I
at
(96)
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4.2.5 Material Properties and Parameters
Expressions for material properties appropriate to desiccation of trehalose solutions have
already been described (He, Fowler et al. 2006; He, Fowler et al. In preparation) so they will be
only briefly reviewed here. Other parameters, such as droplet size, initial trehalose
concentration, contact angle, and temperature were chosen so as to be relevant to the
experimental system described in Chapter 3.
4.2.5.1 Glass Transition Temperature
The glass transition temperature, Tg, of the trehalose solution may be described by the
Gordon-Taylor equation (Aksan, Irimia et al. 2006; He, Fowler et al. In preparation):
T wgw +k(1- o )T,,T = (97)
g w+ k (l- ww)
where k is an empirical constant and Tg,w and Tg,t are the glass transition temperatures of water
and trehalose, respectively. The glass transition temperature decreases with increasing mass
fraction of water in the solution, as shown in Figure 23. As may be seen from the graph, the
solution transitions to the glassy state at approximately cw = 0.09 at room temperature (293.15
K). The plot shows that Eq. (97) provides close agreement with experimental data available in
the literature (Aksan and Toner 2004).
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Figure 23: Glass Transition Temperature as a Function of Water Mass Fraction
4.2.5.2 Diffusivity
An expression for the diffusivity is needed for use in the governing species conservation
equation (22) and in the interfacial balance, Eq. (28). To this end, the (mutual) diffusion
coefficient may be described as (He, Fowler et al. 2006; He, Fowler et al. In preparation):
Q +
)+(1- w)(1+ 2w)
(98)
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D =
where Dw is the self-diffusion coefficient of water in the solution, f,, and 7 are the partial molar
volumes of water and trehalose, respectively, w is the volume fraction of water, and W is
defined as the ratio of the self-diffusion coefficient of trehalose to that of water in an infinitely
dilute solution:
W= =1() (99)
In Eq. (98), the parameter Q may be expressed as:
Q = (100)
where Rg is the gas constant and pw is the chemical potential of water which may be written as:
APR 1g n 1-•,w)+(1-_w) 2  (101)
RgT nw+ I Vt
where X is the Flory-Huggins interaction parameter. The self-diffusion coefficient of water may
be expressed using free volume theory as (Aksan, Irimia et al. 2006; He, Fowler et al. 2006):
D0 = Do exp AE exp (102)
SK ) (K21 Tg,w + ) -• 0 (K22 g,t
where Do is a pre-exponential factor, AE is the diffusion activation energy for water in a solution,
v is a factor that accounts for overlap in availability of free volume to multiple molecules, ý is the
ratio of the molar volume of the jumping unit of water to that of trehalose, the K11 and K2 1 are
free volume parameters for water, while K12 and K22 are those for trehalose, and V* and Vt are
105
the specific hole free volumes required for the diffusion jump of water and trehalose,
respectively.
The diffusivity obtained via Eq. (98) is plotted below in Figure 24 at room temperature
(200C). It is a continuous function of mass fraction and decreases sharply below the glass
transition at approximately ow, = 0.09 (Figure 23).
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Figure 24: Diffusivity in Trehalose Solution as a Function of Water Mass Fraction at Room
Temperature
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4.2.5.3 Water Vapor Pressure
The water vapor pressure at the liquid-gas interface may be described by (Aksan, Irimia et
al. 2006; He, Fowler et al. In preparation):
wi=P exp In + 1 (1- )+(1- )2+f (103)
where Pw is the saturation vapor pressure of pure water, the temperature dependence of which
may be described by a fourth-order polynomial fit to data available in the literature (Perry, Green
et al. 1984):
PO = pT 4 + pT 3 + pT2 + p4T+ P5  (104)
where the parameters, pi, are listed in Table 2. In Eq. (103), the functionfis defined as:
M
.(1- c , ) 2 [(Cp,g - C ) (R gT d Tg/ d cow) (T/ T - 1)], T < Tg  (105)
0, T>TT
where Mw is the molecular weight of water, cow is the mass fraction of water, and (Cp,g - Cp) is the
change in specific heat owing to the glass transition. The water vapor pressure obtained from
Eqs. (103) and (1105) is plotted in Figure 25 as a function of water mass fraction at room
temperature. For T < Tg, f is negative, creating a slightly more abrupt decrease of water vapor
pressure with water mass fraction once the system enters the glassy state at approximately cow =
0.09 (Figure 23). The plot agrees well with the experimental data found in the literature (He,
Fowler et al. 2006). The water vapor pressure far from the interface, Pw,o,, may be written in
terms of the relative humidity of the environment, Hret, as:
107
p 0 ( H,
P, = Pi )
'100% (106)
where P;i is the initial saturation vapor pressure of pure water, i.e., the saturation vapor pressure
at the ambient temperature.
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Figure 25: Water Vapor Pressure as a Function of Water Mass Fraction at Room Temperature
4.2.5.4 Viscosity
The viscosity of a glass-forming solution such as trehalose may be described via the
Willams-Landel-Ferry model (Aksan, Irimia et al. 2006):
108
log R( (107)log, C2 -Tg (107)
where C1 and C2 are given by:
C, = ' (108)2.303K 22K,2 / v
C2 = K22 (109)
In Eq. (107), qg is the viscosity of the glass:
irg = Aexp(BV) (110)
where A and B are empirical parameters and V is the molar volume of the solution, as defined in
Eq. (19). The viscosity obtained in Eq. (107) is plotted below in Figure 26 at room temperature.
There is a sharp increase in the viscosity below the glass transition.
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Figure 26: Viscosity in Trehalose Solution as a Function of Water Mass Fraction at Room
Temperature
4.2.5.5 Thermal Properties
The thermal conductivity of the trehalose solution may be approximated in terms of the
thermal conductivities of trehalose, kr,t, and water, kT,w, and their respective mass fractions as:
k, = kT,,o, + kT, co, (111)
Similarly, the specific heat capacity of the solution was determined from:
110
Cp = CP w + ~C',,t (112)
where Cp, and p,, are the specific heat capacities of water and trehalose, respectively. The
specific latent heat of evaporation, H, was written as a linear function of temperature by fitting
to data tabulated in the literature (Felder and Rousseau 1986):
H =hT +h2  (113)
where the parameters hi and h2 are given in Table 2.
4.2.5.6 Parameter Values
Parameter values for use in Eqs. (98) through (110) that are appropriate for trehalose
solutions were taken from the literature (He, Fowler et al. 2006; He, Fowler et al. In preparation)
and are presented below in Table 1 and Table 2. The partial specific and partial molar volumes
of water were assumed to be equal to the specific and molar volumes of (pure) water,
respectively; the effect of trehalose on the water volume was neglected (He, Fowler et al. 2006).
The relative humidity of the environment, Hrei, was taken as that of the saturated salt solution
used in the dry box in Chapters 2 and 3.
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Parameter Value Units
V, 1 ml/g
V 0.616 ml/g
Mw 18 g/mol
MA 342.33 g/mol
VW 18 ml/mol
t211 ml/mol
wV 0.91 ml/g
V* 0.587 ml/g
Tg, w 136 K
Tg, t 387.15 K
Do 1.39x10-7  m2 /s
AE 1.98x103 J/mol
KIu/ 1.945x 10"  ml/(g K)
K21  -19.73 K
KI 2/V 2.16x 10-4  ml/(g K)
K22  89.9 K
Cp,g -Cp -0.566 J/(g K)
k 0.17 none
x 0.22 none
0.75 none
W 0.198 none
A 2.27x104 Pa s
B 0.13 mol/ml
Table 1: Parameter Values for Free Volume Modeling of Trehalose Solutions
Parameter values for use in free volume modeling of trehalose solutions are listed,
literature (He, Fowler et al. 2006; He, Fowler et al. In preparation).
as taken from the
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Parameter Value Units
Hret 5 %
p1 9 .6 6 x10 -4  Pa/K4
P2 -1.09 Pa/K3
P3 463 Pa/K2
P4 -8.81 x104 Pa/K
P5 6.32x106 Pa
Too 293.15 K
ks 0.04 W/(m K)
s 1 x 10 3  m
kTw 0.6 W/(m K)
kTr,t 0.29 W/(m K)
4200 J/(kg K)
A 560 J/(kg K)
pt
hi -2.45x103 J/(kg K)
h2 3.17x 106 J/kg
Table 2: Thermophysical Parameters
Thermophysical parameter values for the trehalose solution and the polystyrene support (He, Fowler et
al. 2006; He, Fowler et al. In preparation) are listed as well as parameters describing the ambient
conditions for the experiments in Chapters 2 and 3.
4.2.6 Finite Element Method Solution
The coupled chemical species and momentum conservation equations were solved using
a commercially-available finite element package: COMSOL Multiphysics 3.2 (COMSOL, Inc.,
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Burlington, MA). Since the software does not have an automated way of computing time
integrals, Eq. (89) was evaluated by coupling the solution to the related differential equation.
Differentiating Eq. (89) with respect to time gives:
dK
= " (114)
dt
with initial value:
K = 0, at t =0 (115)
Further, since the software does not have an automated way of computing integrals over arbitrary
lengths, the integral in Eq. (49) was estimated using the "trapezoid rule," i.e., the first-order
Newton-Cotes closed-form integration method.
The mesh for the suspended droplet had 120 elements and 725 degrees of freedom, while
that for the sessile droplet had 339 elements and 2965 degrees of freedom. Lagrange quadratic
elements were used in both cases. The mesh deformation at the moving boundary was modeled
using the Arbitrary Eulerian-Lagrangian (ALE) method. The absolute error tolerance was 0.001.
The relative error tolerance was adjusted such that the mass of trehalose at the end of the
simulation was within 1% of that at the beginning for the unsupported droplet and within 5% of
that at the beginning for the sessile droplet; the relative error tolerance thus ranged from 0.1 to
0.0001 with smaller tolerances being necessary for more rapidly changing systems. The time
steps were adjusted to ensure convergence, with a maximum of 0.1s at the beginning of the
simulation. Once the solution neared the glassy state, smaller time steps were employed, with a
maximum of 0.01s.
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4.3 Results and Discussion
In this section, some general features of desiccating trehalose solutions will be discussed
- both for unsupported and sessile microdroplets -- with particular emphasis on the effects of
glass formation on the rate of change of droplet size and water concentration at the droplet core.
The implications of these dynamics for preservation of liposomes or cells in the dry state will
also be discussed and an example of relevance to the experimental system in Chapter 3 will be
presented. Finally, the application of the model to spray drying technology will be described.
4.3.1 General Features of Desiccating Trehalose Solution Microdroplets
The formation of a glassy skin in desiccating trehalose solutions - and the extremely low
diffusivity of water therein - creates highly inhomogeneous concentration profiles within the
drying microdroplet. Further, it has a strong effect on the evaporation rate, and thus final droplet
size. These concepts can be most simply introduced by considering first the unsupported droplet,
as it is a one-dimensional problem and does not include the complicating effects of the solid
support.
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Figure 27 shows the concentration profiles at various times for a suspended droplet
having an initial diameter of 0.95 mm and mass and heat transfer coefficients applicable to
natural convection: 1.78x10 -7 s/m and 10 W/(m2 K), respectively (He, Fowler et al. In
preparation). These values were chosen to facilitate comparison with the drying kinetics of the
sessile droplet, rather than because of their relevance to spray drying applications where a smaller
droplet and higher mass and heat transfer coefficients would be more realistic.
Owing to the low initial solute concentration - 200mM trehalose - at very early times
evaporation proceeds much as it would were the droplet pure water, with little change in the
(nearly pure) water concentration as the droplet shrinks. After appreciable water loss has
occurred, the water mass fraction begins to fall more rapidly and eventually - after the mass
fraction falls below 0.4 -- a noticeable concentration gradient begins to form at the solution -
vapor interface. As the solution at the droplet surface approaches the glassy state, the
concentration gradient there increases sharply, becoming nearly infinite (vertical) upon passing
through the glass transition, at a water mass fraction of approximately 0.09 (Figure 23). A very
thin region of very low water mass fraction (< 0.09) forms at the droplet surface: this region is
the glassy skin. As shown in Figure 24, the diffusivity of water is extremely low in a trehalose
glass and thus, despite its thinness, the glassy skin that forms at the surface presents a significant
barrier to further evaporation. Hence, remaining water is essentially trapped inside the droplet
keeping the droplet interior relatively moist and the concentration profile within the rest of the
droplet quite flat. This inhomogeneity persists for very long times: the last two profiles in Figure
27 are 5.6 hrs apart and yet the difference between them is insignificant. This is of great
consequence for anhydrobiotic preservation because the majority of the cells - or liposomes -
116
preserved in the microdroplet would likely be found in the moist droplet interior, rather than in
the thin glassy skin. Thus, if the solution in the center of the droplet under the skin does not
transition to the glassy state, most of the cells or liposomes located therein would not be in a state
of "suspended animation," and could experience significant degradation owing to the still
relatively high molecular mobility and possibility for metabolic reactions (Green and Angell
1989).
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Figure 27: Evolution of Water Concentration Profiles in a Desiccating Unsupported Microdroplet
Water concentration profiles at various times for a drying droplet having initial radius of 0.95 mm at
room temperature, beginning with a trehalose concentration of 200 mM.
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While Figure 27 reveals the shape of the concentration profiles in the microdroplet, the
kinetics of desiccation are more easily followed by directly plotting the time course of the
concentration (Figure 28A) at the center of the droplet (black solid line) and at the liquid-vapor
interface (black dashed line). Since the water concentration is so high initially, the
concentrations at the droplet interface and center are very similar at early times. As discussed
above, an appreciable gradient doesn't form until the water mass fraction drops below 0.4 at
approximately 200 min. Beyond this time, the water concentration at the interface is noticeably
lower than that at the droplet center. The difference between the two curves increases with time
until the solution at the interface transitions into the glassy state. At this point, further
evaporation is impeded and thus the two concentrations remain relatively unchanged, converging
to two different quasi-equilibrium values. The interior of the droplet will thus not undergo a
glass transition for an extremely long time. Thus, this protocol would not represent a very
effective means of anhydrobiotic preservation unless the sample were subsequently cooled such
that the interior was below the glass transition. Consulting Figure 23, one finds that in order for
the microdroplet interior to transition to the glassy state, cooling to -9°C would be required; thus,
although this technique represents a significant improvement over storage at cryogenic
temperatures (-196°C), refrigerated storage would still be necessary for this system.
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Figure 28: Desiccation Kinetics of an Unsupported Microdroplet for Natural and Forced
Convection
(A) Water mass fraction as a function of time for natural (black) and forced (red) convection. The
dashed lines represent the mass fraction at the liquid-vapor interface (r = rs(t)), while the solid lines
display the results at the droplet center (r = 0). (B) Droplet radius as a function of time for natural
(black) and forced (red) convection; the initial droplet radius was 0.95 mm in both cases. (C)
Temperature as a function of time for natural (black) and forced (red) convection. The dashed lines and
solid lines represent the liquid-vapor interface and droplet center, respectively; however, the lines are
indistinguishable owing to the flat temperature profile within the droplet. The simulation was performed
at room temperature (20 0C). An initial trehalose concentration of 200 mM was used in all cases. The
mass and heat transfer coefficients were increased an order of magnitude for the forced convection case
relative to the natural convection case.
The mechanisms behind the microdroplet desiccation kinetics can be further elucidated
by observing the droplet radius change during drying (Figure 28B, black line). At early times,
the microdroplet radius decreases approximately linearly. Upon formation of the glassy skin at
the droplet surface, further evaporation is severely impeded and thus the rate of decrease of the
droplet size changes abruptly. In fact, the droplet size is nearly constant after formation of the
glassy skin.
The time course of the droplet temperature is also shown (Figure 28C, black line). The
droplet is initially at room temperature (200C). As evaporation occurs the temperature in the
droplet drops sharply until -- at approximately 4'C -- the latent heat lost is balanced by heat
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gained from the surroundings; this is approximately the wet bulb temperature. This temperature
is maintained as long as evaporation continues at an appreciable rate; however, once the glassy
skin forms and evaporation is impeded, the temperature abruptly increases to near room
temperature. Although the temperature profiles at both the liquid-vapor interface (dashed line)
and droplet center (solid line) are plotted, they are indistinguishable. The largest difference
between the two curves occurs at the beginning of drying; even then it is less than 0.1 PC.
The two droplet drying phases - as most clearly demarcated by the droplet radius change
(Figure 28B, black line) - occur because drying consists of a two step process: 1) diffusion of
water within the droplet to the liquid-vapor interface and 2) diffusion of water away from the
droplet interface within the gas. The abrupt change in drying kinetics occurs because of a change
in which of these two processes is rate-limiting. This is more clearly shown in the diagram
below (Figure 29A,B). Figure 29A shows the initial stage of drying wherein mass transfer is
limited by the second of the two steps: diffusion in the gas. At this stage the water content in the
trehalose droplet is still quite high (and the concentration gradient therein is low). The vapor
pressure of water is thus high at the droplet interface. This sets up an appreciable concentration
gradient of water vapor in the gas phase. The rate of evaporation in this phase is thus controlled
by gas phase parameters: the diffusivity of water vapor in the gas, the characteristic length, L, of
the water vapor concentration gradient - which is on the order of the droplet radius (L - rs)
(Rowan, Newton et al. 1995) - and the water vapor concentration far from the droplet, i.e., the
ambient relative humidity. This phase corresponds to the rapid linear droplet radius decrease in
Figure 28B and is similar to the drying of pure water.
121
Once the glassy skin forms, the first step of the process described above becomes rate-
limiting. Owing to the extremely low diffusivity of water in the trehalose glass, diffusion of
water to the droplet interface now controls the mass transfer process as diagramed in Figure 29B.
A large concentration gradient develops in the glassy skin; given the low water vapor pressure at
the glassy interface, the concentration gradient of water vapor is insignificant. This phase
corresponds to the nearly constant droplet radius regime of Figure 28B.
GWaI
..............
GLASSY
SkId
Uqruid
Pw
r'P
Boundary
Layer
Gas Z~s
i
i
ii ii
i
i
I i
i1 iii
i
i
i
i i
iii
Glass• Boundary
Skin Layer
122
%--l -
:··::;-
t
r
I
o
i
X
a
a
d
I
a
I
a
r
r
a
I
X
a
1
i
a
fii
1
a
at" P,,
a
r
Z
Figure 29: Schematic of Mass Transfer Regimes in a Desiccating Unsupported Trehalose Solution
Microdroplet
For natural convection, drying is initially limited by diffusion in the gas (A) and at later stages by
diffusion in the glassy skin (B). In the case of forced convection, drying is still initially limited by
diffusion in the gas (C) and later by diffusion in the glassy skin (D), although the first phase is much
shorter owing to the smaller diffusional length scale, L, in the gas. For natural convection, L is on the
order of the radius of the droplet (L = rs), while for forced convection L is the width of the boundary
layer (L << rs). For clarity, the drawing is not to scale.
Another way to examine these regimes is to alter a parameter that affects only one of the
two drying phases. Thus, the mass transfer coefficient was increased by an order of magnitude.
This would correspond to forced - rather than natural -- convective drying, which is relevant to
spray drying of microdroplets. The heat transfer coefficient was also increased by an order of
magnitude for consistency. The increase in the mass transfer coefficient for forced convection
occurs because the characteristic diffusional path of the water vapor is shortened to that of the
stagnant boundary layer near the droplet surface, undisturbed by the surrounding gas flow. Thus,
the characteristic length, L, is now very small: L << r, (Figure 29C). Since the first phase of
drying is limited by mass transfer in the gas phase, forced convective drying should significantly
shorten this phase; however, since the second stage of drying is limited by diffusion within the
glassy skin, this increase in the mass transfer coefficient will have little effect on that phase
(Figure 29D).
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Given the discussion above, the initial drying phase should be shorter for forced
convection, but the final water concentrations obtained in the droplet should be the same
regardless of the mass transfer coefficient since once the glassy skin forms the mass transfer
process in the gas is of little import. As can be seen in Figure 28A (red lines), this is precisely
what occurs. The concentrations - at both the interface and center - initially decrease more
rapidly than in the natural convection case, but ultimately converge to the same quasi-equilibrium
values as in the natural convection case (black lines). Likewise, the droplet radius drops more
sharply initially, but again converges to the same value as in the natural convection case (Figure
28B, c.f., red and black lines). An analogous trend is observed for the temperature (Figure 28C,
c.f., red and black lines). These are significant results because they show that, while forced
convection shortens the initial drying phase, it fails to appreciably alter the final droplet moisture
content. This is relevant not just to drying of suspended microdroplets; the same result would
apply to other geometries such as sessile droplets and films, as the two-phase drying process
diagrammed in Figure 29 depends only on the glass-forming nature of the trehalose solution, not
on its geometry.
The desiccation kinetics of trehalose microdroplets may be compared to those of colloidal
microdroplets wherein particulates build up at the surface forming a crust with the interior of the
droplet having a much lower solute (or particulate) concentration, as in Figure 28A, and with
little change in the droplet radius after crust formation as in Figure 28B. In colloidal systems
however the porous nature of the crust allows the remaining water to escape - although capillary
pressures within the pores may cause rupture - forming a hollow shell rather than a solid particle
(Sano and Keey 1982). For the trehalose microdroplet, the water remains trapped inside the skin
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for long times since it is not porous, although cracks may eventually form in the glassy surface
allowing faster drying. If a large molecule such as dextran were added to the trehalose solution,
this could increase the diffusivity of water in the glassy skin owing to formation of tiny "pores"
around the dextran molecules. Thus, dextran/trehalose mixtures dry faster than solutions of
trehalose only (Aksan and Toner 2004). Unsupported microdroplets of dextran/trehalose
solutions could then form hollow shells because remaining water from the droplet core would be
allowed to escape. Formation of such hollow shells has been observed experimentally for the
similar system of dextran/sucrose microdroplets (Elversson and Millqvist-Fureby 2005).
The drying kinetics of the sessile microdroplet in the direction normal to the interface are
very similar to those obtained for the unsupported microdroplet, as would be expected. Figure 30
shows the simulation results for a sessile droplet having the same initial contact angle (530),
contact radius (1.9 mm) and centerline height (0.95 mm) as the droplet dried on polystyrene in
Chapter 3 (Figure 16). The plots show the concentration and temperature profiles with time at
the centerline (r := 0) for both the solution - vapor interface (z = h(O,t)) and the solution - solid
support interface (z = 0); the kinetics of the droplet height change at r = 0 are also shown. As
with the unsupported droplet, the temperature fell rapidly initially until the latent heat lost was
balanced by that gained from the surroundings. This occurred at a slightly higher temperature:
7°C. This likely owes to transfer of heat from the solid support. The temperature increase upon
the slowing of evaporation owing to glass formation is more gradual than in the case of the
unsupported microdroplet because the temperature begins to increase as soon as the glass forms
at the surface at the edge of the droplet; the droplet reaches room temperature when the glassy
skin progresses to the center of the droplet. Both the axial and radial variations in temperature
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are insignificant. For certain, e.g., organic, solvents the temperature variation could be more
significant, giving rise to Marangoni flows, but this effect is unlikely to be important in aqueous
solutions. The droplet contact angle decreases in a manner similar to the centerline droplet
height, i.e., it decreases linearly at first and then levels off to a value of 2.80. The initial linear
decrease in both the droplet centerline height and contact angle has been observed experimentally
for pure water droplets (Rowan, Newton et al. 1995).
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Figure 30: Desiccation Kinetics of a Sessile Droplet on Polystyrene for Natural Convection
(A) Water mass fraction, (B) droplet height and (C) temperature at the centerline (r = 0)
A sessile microdroplet provides a greater degree of complexity relative to the unsupported
microdroplet, in that the concentration profile is not only inhomogeneous in the direction normal
to the solution-vapor interface, but also along the interface as well. Figure 31 shows the
simulation results for the droplet dried on polystyrene in Chapter 3. Initially, the water
concentration in the sessile droplet is nearly uniform similar to the case of the unsupported
microdroplet. As drying progresses, the glassy skin eventually begins to form at the liquid-vapor
interface; however, unlike the case of the unsupported droplet, it does not form uniformly over
the surface at one time. Instead, it progresses inward towards the centerline from the contact
line. In Figure 31A, one may see the skin beginning to form at the droplet edge; it is represented
by the very thin dark blue region at the liquid-vapor interface. Eventually, the skin forms over
the whole surface of the droplet (thin dark blue region at the surface of the droplet, Figure 31B)
and - like the case of the unsupported droplet - changes to the water mass fraction are very slow
after this point. This stage thus represents the quasi-equilibrium stage. Like the unsupported
droplet, residual water is essentially trapped under the glass skin. The solution under the skin has
a water mass fraction of about 0.14, which is very similar to the value obtained for the core of the
unsupported microdroplet. This solution would not be in the glassy state and thus - any cells or
liposomes preserved in this manner would not transition to the glassy state for very long times
unless further diving occurred owing to crack formation. Thus, since they sediment and are not
found in the skin, the giant liposomes dried in sessile droplets on polystyrene in Chapter 3 would
not be in the glassy state until perhaps after crack formation.
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Figure 31: Water Mass Fraction for Sessile Microdroplet on Polystyrene
The water mass fraction for the sessile droplet on polystyrene is shown at (A) 5400s and (B) 7300s. In
A) the inset shows a close-up of the region at the edge where the skin has begun to form; the skin is
shown in dark blue. By 7300s, the skin (again in blue) has progressed all the way to the center of the
droplet, as shown in the inset; indeed the skin progresses to the center by approximately 5500s, and there
is little change in the concentration profile after that such that B) represents the quasi-equilibrium
concentration profile. The color bar scales provide keys relating color to water mass fraction. The
original droplet position is shown as the curved black line.
Comparing the simulation with the experimental results in Chapter 3, it appears that the
droplet in the experiment dries slightly faster than that in the simulation. For example, the skin
appears to have formed over most of the droplet surface by 4380s, as suggested by the transient
ripple formation displayed in Figure 19A. In the simulation, the skin does not form over the
whole surface until approximately 5500s. As discussed above with regards to the unsupported
microdroplet, the drying speed is mainly dependent on the mass transfer coefficient. The value
used here (1.78x10 7 s/m) was simply obtained from the literature (He, Fowler et al. In
preparation) for a somewhat similar system and so close agreement of the drying times is not
expected. Better agreement would be found by using a more accurate mass transfer coefficient,
obtained for example by measuring the rate of evaporation of a pure water droplet in the dry box.
Qualitatively, the simulation results agree with what was observed experimentally in that the skin
appears to form first at the droplet edge and progress inward. Of course, as discussed in the
development of the model (Section 4.2), the droplet is assumed to remain a spherical cap and
thus the model does not capture the deformation observed at long drying times (Figure 18).
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At early times, there is fluid flow in the droplet owing to capillary forces as may be noted
experimentally by observing the movement of the liposomes (Chapter 3). The velocity field and
streamlines are plotted below for the droplet on polystyrene after approximately 30 min of drying
(Figure 32). The maximum velocity is approximately 4 lpm/s. Higher velocities (10 ptm/s) were
observed experimentally. Although a careful study of the experimental velocity field was not
performed, the model appears to underestimate the velocity. One reason may be that the spatial
variation of the water vapor flux owing to the presence of the solid support was neglected for
simplicity, i.e., h,m was taken to be constant as discussed in Section 4.2. Inclusion of this
variation causes an increase in evaporation at the edge of the droplet, and thus more flow to the
edge relative to that which occurs for a constant flux in the vapor (Hu and Larson 2005). The
fluid flow has little effect on the endpoint water concentration profiles; however, it helps to
explain why liposomes - and other particulates with low diffusivities -- flow toward the edge of
the droplet.
At later times the liposomes were observed experimentally to flow away from the edge at
a low speed towards the center of the droplet, particularly for droplets dried on more hydrophilic
surfaces having a lower contact angle. As discussed in Chapter 3, this may owe to depinning of
the still-liquid region underneath the glass skin. For pure water, decrease of the contact angle
below a critical value of 2-4', results in depinning (Hu and Larson 2002) and in turn an inward
flow (Petsi and Burganos 2006), albeit at a lower velocity than the outward flow during the
pinned phase. Since the simulation reveals that the contact angle reaches this critical value - in
this case 2.80 -- at about the time the glass forms, depinning is not readily observed because the
glassy edge of the droplet remains pinned. However, the liquid core of the droplet, as well as the
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still-liquid solution near the droplet edge underneath the glassy skin, may flow inward once the
critical contact angle for depinning is reached. This could explain the observation that the
liposomes flow inward slowly near the end of the drying phase even though the droplet edge
appears to remain fixed. Such complex effects are not included in the model. The inward flow
at long drying times may also result from a shift in the point of highest evaporative flux from the
edge of the droplet towards the center once the glassy skin begins to form at the edge. Spatial
variations in the flux were neglected in the development of the simple velocity relationship
employed in the simulation (Section 4.2.3.2) and thus the model cannot be expected to capture
these complexities.
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Figure 32: Velocity field and Streamlines for Sessile Droplet on Polystyrene
The velocity field (A) and streamlines (B) are shown for the droplet on polystyrene at 33 min; at this time
the droplet centerline height is approximately 0.6 mm. The maximum velocity vector represents
approximately 4 gm/s.
The unsupported droplet had an initial radius equal to the initial centerline height of the
sessile droplet. The centerline height of the sessile droplet decreased more rapidly than the
radius of the unsupported droplet; however, given their respective shapes, when the centerline
height of the sessile droplet equals the radius of the unsupported droplet the sessile droplet would
have a higher volume. The water mass fraction of the sessile droplet also fell more rapidly
because the two droplets had the same initial trehalose concentration and thus the sessile droplet
had a higher total mass of trehalose, given its higher initial volume. Unlike the unsupported
droplet, which maintains its spherical shape, the sessile droplet approaches a thin film since it is
pinned; it is still a spherical cap, but the radius of the equivalent sphere approaches infinity. It
would be difficult to dry an unsupported droplet of the large size in the simulation in conditions
equivalent to those used in the experiments in Chapter 3; however, drying a droplet on a
hydrophobic surface such as Teflon@ on which the droplet beads up does result in very long
drying times compared to thinner droplets on hydrophilic surfaces, so the faster decrease in the
sessile droplet height compared to the unsupported droplet radius seems reasonable.
4.3.2 Spray Drying of Trehalose Solution Microdroplets
As discussed above, forced convective drying shortens the initial drying phase but does
not alter the final moisture composition of the droplets. Thus, in order to get a more uniform
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moisture concentration within the droplet it is necessary to use a smaller droplet radius. This
section will exalmine how small the initial droplet radius needs to be such that the droplet interior
is in the glassy state at room temperature, to avoid the need for refrigeration of the final product.
Such an analysis is relevant to spray drying of microdroplets both owing to the forced convection
and also because small droplets may easily be produced via spray drying.
The change in the droplet radius during drying was first analyzed for different initial
droplet radii. As can be seen in Figure 33, each droplet converged to the same quasi-equilibrium
normalized radius. The smaller droplets dried faster than the larger ones because the ratio of the
droplet surface area to its volume is larger for smaller droplets. Thus, the time scale was divided
by the initial radius of the droplet. This caused all the curves in the range studied to collapse
onto the same master curve. The abrupt change in the kinetics of the droplet radius change -
from linear decrease to near constant -- thus occurred at the same point for all the droplets in the
plot: 0.14 s/gm. Thus, skin formation, which causes the change from the gas to the glassy skin
limited drying regime, occurs at a time of 0.14rs,o seconds, where rs,o is in microns. After this
time, the water concentration profile does not change appreciably, so this simple equation could
be used to guide the choice of drying times in spray drying applications.
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Figure 33: Radius Change for Spray-Dried Microdroplets
The normalized droplet radius (rs/ r,o) is plotted as a function of time (A) or time divided by the initial
droplet radius (B), which causes all the curves to fall onto one master curve. The legend gives the initial
radii.
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Based on the above analysis of droplet radius changes, the droplet water concentration
profiles were all studied at the same characteristic time well beyond the formation of the skin in
order to obtain a quasi-equilibrium profile, although it would not be significantly different from
the profile when the skin first formed. The time of 3rs,o s was chosen for simplicity; this gives
30s for the 10 gm droplet, 60s for the 20 gtm droplet and 300s for the 100 gtm droplet. Plots of
the water mass fraction profiles in the droplets at these time are shown below (Figure 34).
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Figure 34: Quasi-equilibrium Water Mass Fraction Profiles for Spray Dried Microdroplets
An initial microdroplet radius on the order of 10 jtm appears necessary in order for the
entire droplet to be in the glassy state. This is of the same order of magnitude as a cell radius and
would thus represent spray drying of single-cell microdroplets. The droplet would enter the
glassy state in about 1.4s. Altering the forced convection set-up - and thus mass transfer
coefficient -- would change the time required to reach the glassy state at the surface, but would
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not appreciably alter the quasi-equilibrium profile obtained. For a given initial droplet size,
improvement of the quasi-equilibrium moisture profile would require enhancement of the water
diffusivity in the glassy skin, as this controls desiccation at long times. One possibility would be
to introduce polymeric molecules such as dextran, which have been shown to speed drying
(Aksan and Toner 2004).
4.4 Conclusion
A finite element model was developed to study desiccation kinetics in both unsupported
and sessile trehalose solution microdroplets. The unsupported droplet model revealed formation
of a thin glassy skin at the solution-vapor interface that strongly impeded further evaporation,
essentially trapping remaining moisture inside. For the sessile droplet, another form of
inhomogeneity was found since the skin did not form uniformly over the whole droplet surface,
instead proceeding from the droplet periphery inward toward the center. Thus, there was not
only a concentration inhomogeneity normal to the solution-vapor interface, but along it as well.
Such results show that the overall moisture content typically used as a measure of the degree of
drying in anhydrobiotic preservation studies may not be indicative of the conditions actually
experienced by cells or liposomes dried in these highly heterogeneous systems. In particular,
cells or liposomes found in the solution underneath the glassy skin may not undergo a glass
transition at room temperature for extremely long times owing to slow diffusion of water through
the skin. Thus, spray drying of small droplets may be a better means of desiccation; the
suspended droplet model developed in this chapter would be helpful in development of such
protocols.
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5 Conclusion
Naturally anhydrobiotic organisms, which exist for long times in a state of "suspended
animation" in the dry state by accumulating sugars such as trehalose, have provided inspiration
for attempting to preserve mammalian cells and liposomes under similar conditions in trehalose
glasses; however, the ultimate goal of long-term preservation has not been achieved for such
systems. There have been many previous studies on conditions that promote survival of
mammalian cells, or the retention of drugs within liposomes after storage in the dry state, most of
which have focused on the thermodynamics of the system, particularly with regard to the glass
transition and lipid phase transitions - and the interaction between the two. While these are
essential studies and much has been learned from them, the kinetics of the desiccation process
tend to be overlooked with only the endpoint conditions considered in analyses. Transport
kinetics likely play a more significant role than is usually appreciated in these systems. For
example the transient osmotic stresses that a cell undergoes during drying and re-hydration are
likely important sources of damage. Further, the highly inhomogeneous desiccation kinetics of
the trehalose solution in which the cells are encapsulated determines the moisture conditions
experienced by the cells, and thus their potential for survival. The overall endpoint moisture
conditions used as indicators for preservation efficacy are likely not the whole story.
Another oft-neglected aspect of the anhydrobiotic preservation system is the supporting
surface on which the droplet (or film) is dried. The surface can play a direct role in influencing
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bilayer integrity - as was found for giant liposomes that adsorbed to it and ruptured when dried.
Further, the surface has other effects. Its degree of hydrophobicity determines the contact angle
of the droplet, which in turn determines the distribution of suspended liposomes (or cells) within
it, as well as the drying kinetics of the trehalose solution through its effect on droplet thickness
and crack formation. These two aspects of the anhydrobiotic preservation system - transport
kinetics and surface effects - warrant further investigation; hopefully, such studies will one day
assist in reaching the goal of long-term preservation of mammalian cells.
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